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ABSTRACT 
 
 
“HOT-WIRE CHEMICAL VAPOUR DEPOSITION OF NANOCRYSTALLINE 
SILICON AND SILICON NITRIDE: GROWTH MECHANISMS AND FILAMENT 
STABILITY”  
 
CLIVE JUSTIN OLIPHANT 
 
Nanocrystalline silicon (nc-Si:H) is an interesting type of silicon with superior 
electrical properties that are more stable compared to amorphous silicon (a-Si:H). 
Silicon nitride (SiNx) thin films are currently the dielectric widely applied in the 
microelectronics industry and are also effective antireflective and passivating layers 
for multicrystalline silicon solar cells. Research into the synthesis and 
characterization of nc-Si:H and SiNx thin films is vital from a renewable energy 
aspect. In this thesis we investigated the film growth mechanisms and the filament 
stability during the hot-wire chemical vapour deposition (HWCVD) of nc-Si:H and 
SiNx thin films.  
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During the HWCVD of nc-Si:H, electron backscatter diffraction (EBSD) revealed that 
the tantalum (Ta) filament aged to consists of a recrystallized Ta-core with Ta-rich 
silicides at the hotter centre regions and Si-rich Ta-silicides at the cooler ends nearer 
to the electrical contacts. The growth of nc-Si:H by HWCVD is controlled by surface 
reactions before and beyond the transition from a-Si:H to nc-Si:H. During the 
transition, the diffusion of hydrogen (H) within the film is proposed to be the reaction 
controlling step. The deposition pressure influenced the structural, mechanical and 
optical properties of nc-Si:H films mostly when the film thickness is below 250 nm. 
The film stress, optical band gap, refractive index and crystalline volume fraction 
approached similar values at longer deposition times irrespective of the deposition 
pressure. 
 
Filament degradation occurred during the HWCVD of SiNx thin films from low total 
flow rate SiH4 / ammonia (NH3) / H2 gas mixture. Similar to the HWCVD of nc-Si:H, 
the Ta-core recrystallized and silicides formed around the perimeter. However, Ta-
nitrides formed within the filament bulk. The extent of nitride and silicide formation, 
porosity and cracks were all enhanced at the hotter centre regions, where filament 
failure eventually occurred. We also applied HWCVD to deposit transparent, low 
reflective and hydrogen containing SiNx thin films at total gas flow rates less than 31 
sccm with NH3 flow rates as low as 3 sccm. Fluctuations within the SiNx thin film 
growth rates were attributed to the depletion of growth species (Si, N, and H) from 
the ambient and their incorporation within the filament during its degradation. 
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CHAPTER 1 
 
 
INTRODUCTION 
 
ABSTRACT 
 
Silicon is a versatile element that can exists in different forms (crystalline, 
amorphous, nanocrystalline) and different alloys (nitrides, oxides, carbides). Due to 
their unique and well documented properties, Si-based materials are currently the 
foundation of the semiconductor industry. This chapter provides a brief review into 
the complex structure, properties and synthesis of hydrogenated nanocrystalline 
silicon and silicon nitride thin films. Special emphasis is placed on the importance of 
hot-wire chemical vapour deposition as a viable alternative synthesis technique to 
the widely used plasma enhanced chemical vapour deposition. Some challenges 
related to the current status of hot-wire chemical vapour deposition are then pointed 
out, followed by the aims and outline of this thesis.  
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1.1 SILICON AND ITS ALLOYS 
 
Silicon and its alloys, such as silicon nitride (SiNx), silicon oxide (SiOx), and silicon 
carbide (SiCx), are main components in the current electronics industry. These 
materials enjoy applications in devices such as thin film transistors, solar cells and 
light emitting diodes. This wide application scope is related to the unique material 
properties (optical, electronic), chemical (doping, hydrogen content) and structure 
(amorphous, mixed phase, crystalline). Chemical vapour deposition (CVD) is a 
technique commonly used to fabricate thin films of Si and its alloys. 
 
The fabrication of Si thin films by CVD entails the dissociation of precursors into 
suitable reactive species by an external energy source and the eventual deposition 
on substrates within the system. However, this process requires high heating and 
substrate temperatures [1.1]. This is not suitable for the current requirements to 
synthesize Si thin films at low substrate temperatures for applications using organic 
type materials [1.2]. As a result, different types of CVD techniques, such as plasma 
enhanced (PECVD), have been developed to synthesize Si thin films at low 
substrate temperatures. PECVD utilises an alternating electric field to dissociate 
precursors into ions, which then deposit onto a substrate at the preferred deposition 
conditions. Amongst the Si (intrinsic and alloy) materials widely researched today are 
hydrogenated amorphous (a-Si:H), nanocrystalline silicon (nc-Si:H) and silicon 
nitride (SiNx, x = N/Si atomic ratio) thin films.  
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1.2 HYDROGENATED NANOCRYSTALLINE SILICON  
 
1.2.1 Structural properties 
 
Historically, hydrogenated nanocrystalline silicon (nc-Si:H) thin films progressed from 
the research of a-Si:H. Amorphous Si is characterised by a disordered atomic 
structure accompanied by Si-dangling bonds, which generate defect states within the 
band gap of a-Si. Hydrogen atoms assist in the passivation of the Si-dangling bonds, 
resulting in the decrease in the density of states within the band gap. Hydrogenated 
amorphous silicon (a-Si:H) films that possess a narrow distribution in both the Si-Si 
bond distance and the bonding angle are considered device quality [1.3].  
 
Nanocrystalline silicon is a composite material; in that it consists of crystalline and 
amorphous regions. The crystalline regions are usually columnar in shape as shown 
by Figure 1.1 [1.4]. Originally, nc-Si:H was termed microcrystalline silicon (μc-Si:H) 
due to the size of the grains. However, the terminology developed as the research 
evolved and currently nomenclature such as protocrystalline, polymorphous and 
nanocrystalline silicon are used depending on the extent and growth stage of the 
crystallites, as illustrated in Figure 1.2 [1.5]. Nevertheless, µc-Si:H and nc-Si:H are 
terms used interchangeably in literature and in this thesis.   
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Figure 1.1: (a) Atomic force microscopy image of the nc-Si:H film surface and (b) 
corresponding transmission electron micrographs showing typical crystalline 
columns [1.4].  
 
 
Figure 1.2: Schematic showing the evolution of the Si:H film structure as a function of 
hydrogen dilution (R= H2/SiH4) and film thickness. The corresponding nc-Si:H 
nuclei densities Nd are also indicated [1.5].  
 
 
 
 
Introduction 
5 
 
The extent of the crystallite phase, such as size and volume fraction, differentiates 
nc-Si:H from other classes of silicon (a-Si:H, c-Si, polycrystalline Si). Typically, nc-
Si:H contains Si grains with sizes ranging from  20 nm to 100 nm [1.6, 1.7]. X-ray 
diffraction patterns generally reveal prominent (111), (220) and (311) lattice planes of 
the nanostructured Si crystals. However, preferential orientation in nc-Si:H has been 
reported [1.8 – 1.10], although it is not a requirement to achieve device quality 
material [1.11].    
 
Besides the simultaneous presence of amorphous and crystalline Si regions, the 
existence of defects, such as microvoids, crystal twinning and grain boundaries, are 
important structural features of nc-Si:H thin films. In device quality nc-Si:H it is 
proposed that hydrogen atoms passivate dangling Si bonds at the grain boundaries 
[1.12]. The amorphous tissue around the crystallites can also act as a passivation 
‘layer’ [1.13]. However, nc-Si:H films with interconnected porosity and defects 
experiences post-deposition oxidation within microvoids, Si dangling bonds and at 
grain boundaries [1.7, 1.13, 1.14], effectively degrading the optoelectronic properties.  
 
Surface features, such as the roughness and surface cavities, tend to enhance the 
optical absorption of nc-Si:H thin films due to diffuse light scattering at the surface 
[1.15]. In fact, Vallat-Sauvain et al. [1.16] found that the surface roughness increased 
abruptly at the a-Si:H / nc-Si:H transition. The presence of an amorphous Si 
incubation layer occurring during the initial growth stages of nc-Si:H at low hydrogen 
dilution values, was found to be detrimental to the carrier transport properties along 
the film growth direction [1.17].  
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The structural properties of nc-Si:H is diverse and complex. The properties of the 
different regions within this nanostructured composite are expected to be intimately 
linked. The interfaces between the differently ordered Si regions, the microvoids and 
the grain boundaries are important from an application development viewpoint. It is 
generally accepted that device quality nc-Si:H thin films reside in the narrow 
transition window from the a-Si:H to nc-Si:H phases [1.18 – 1.20]. 
 
1.2.2 Optical properties 
 
Photons with energy greater than the optical band gap will be absorbed by the nc-
Si:H thin film. The optical absorption occurs in both amorphous and crystalline 
regions. Figure 1.3 compares the absorption coefficient () of a-Si:H, nc-Si:H (µc-
Si:H) and c-Si [1.21]. Amorphous silicon has a direct band gap, which makes it more 
efficient at absorbing photons than crystalline silicon. The absorption in nc-Si:H 
mainly follows the trend of c-Si. However, superior -values are reached in nc-Si:H 
compared to a-Si:H and c-Si at photon energies < 1.8 eV. A possible explanation for 
the enhanced absorption may be light scattering by the rough surface of nc-Si:H and 
also additional absorption by the a-Si:H tissue [1.15]. Vepřek et al. [1.22] suggested 
that the enhanced optical absorption in nc-Si:H can be attributed to an improved 
coupling of the electromagnetic field of the incident light to the charge-density 
fluctuations at the grain boundaries of the quasi-isolated crystallites. The fluctuating 
charge-density originates from the movement of atomic bond charge caused by bond 
dilation at the grain boundaries [1.22]. 
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Figure 1.3: Optical absorption coefficient of an nc-Si:H layer in comparison with 
amorphous and crystalline silicon [1.21]. 
 
Another interesting feature in the optical properties of nc-Si:H thin films is the 
apparent widening of the optical band gap with a decreasing crystallite size [1.23, 
1.24]. This mechanism is known as the quantum confinement effect (QCE) and was 
also observed in nanocrystalline porous silicon [1.25]. The QCE expand the 
application scope of nc-Si:H to include light emitting materials [1.23].   
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In contrast to a-Si:H[1.26], the relationship between the bonded hydrogen content 
and optical band gap is not clear in nc-Si:H films [1.24, 1.27]. However, the most 
important function of hydrogen in the case of nc-Si:H is the passivation of dangling Si 
bonds at grain boundaries and also to some extent in the a-Si network [1.12]. The 
trend in Figure 1.4 shows that for nc-Si:H the total hydrogen (bonded and non-
bonded) is less than that typically observed in a-Si:H, while a maximum value is 
reached at the transition from a-Si:H to nc-Si:H [1.28].  
 
The presence of microvoids results in the dilation of Si-Si bonds, which is expected 
to reduce the film refractive index and blue shift the absorption edge [1.26, 1.27]. 
Moreover, post-oxidation is enhanced in nc-Si:H films with interconnected microvoids 
[1.12] and can subsequently reduce the red spectral response of a solar cell [1.7, 
1.29]. The incorporation of oxygen into nc-Si:H can be reduced by optimising the 
material to consist of a dense a-Si:H network with a minimal interconnected void 
fraction [1.13]. Torres et al. [1.7] suggested a purifying technique based on lowering 
the reactor outgassing rate and a metallic-alloy gas purifier that reduces the oxygen 
contact to the sub parts-per-billion in the precursor gases.   
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Figure 1.4: Hydrogen content of Si:H films at various H2-dilution as determined by 
infrared spectroscopy (IR) and elastic recoil detection analysis (ERD) [1.28].  
 
1.2.3 Electrical properties 
 
For a-Si:H based solar cells the suppression of light-induced degradation, called the 
Staebler-Wronski effect [1.30], is the most important factor to improve the efficiency. 
The inclusion of grains within the amorphous network is believed to minimize the 
light-induced degradation in the case of nc-Si:H thin films [1.31, 1.32]. Enhancing the 
crystallite size and volume fraction can however result in an increasing  void and 
defect concentration within a-Si:H regions, and consequently a nc-Si:H thin film that 
is more prone to oxidation [1.13, 1.33]. The oxidation subsequently induces n-type 
behaviour by pushing the Fermi-level closer to the conduction band thereby 
increasing the dark current [1.7].  
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Nevertheless, nc-Si:H thin films deposited by HWCVD typically shows higher open 
circuit voltages (VOC) than their PECVD counterparts [1.18]. The superior VOC in the 
case of HWCVD is attributed to the higher fraction of ordered a-Si:H tissue (at the 
transition from a-Si:H to nc-Si:H) that leads to excellent grain boundary passivation 
[1.18].  
 
The transport and recombination of the photogenerated charge carriers are 
suggested to be strongly influenced by the defect structure [1.34 - 1.38]. Currently, 
the exact location of the defects, whether being in the crystallite, grain boundary, 
amorphous, or the regions between columns (see Figure 1.1), is not known.  
 
Masuda et al. [1.37] reported that the electrical conductivity along the growth and the 
lateral directions was comparable at crystalline volume fractions of < 20 %. With an 
increase in the crystalline volume fraction, the conductivity along the growth direction 
was superior compared to the lateral direction. Additionally, the conductivity along 
the lateral direction decreased as the crystalline volume fraction increased, whereas 
the conductivity in the growth direction remained almost constant [1.37]. Based on 
transmission electron microscopy analysis, it was concluded that the differences in 
electrical conductivities can be attributed to the extent of the columnar crystalline 
regions within the films [1.37].   
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Unlike a-Si:H, the complex composite structure of nc-Si:H makes it difficult to 
accurately pinpoint the exact influence of each region on the charge carrier transport, 
recombination and consequently device performance [see Ref. 1.35 and references 
cited therein]. However, passivation of the dangling bonds by hydrogen, intermediate 
crystallite size / fraction and a densely packed, well-ordered a-Si:H network 
contribute to device quality nc-Si:H suitable for application in solar cells.  
 
1.2.4 Synthesis and growth mechanisms of nc-Si:H 
 
It is clear that the structure and the optoelectronic properties of nc-Si:H thin films are 
intricately linked. However, the growth process of nc-Si:H is currently not yet fully 
understood, which makes it difficult to controllably synthesize device quality material. 
As a result, intensive research is pursued in optimizing the nc-Si:H synthesis 
parameters with the aim of producing material close to the a-Si:H / nc-Si:H transition 
point with minimal defects and a reduced interconnected void fraction.  
 
Additionally, fabricating device quality nc-Si:H thin films at high growth rates is 
important from an industrial viewpoint. PECVD is a well-established technique for 
fabricating a-Si:H thin films and has also received extensive applications in nc-Si:H 
synthesis. In fact, the current proposed growth processes of nc-Si:H has been 
formulated mostly from studies based on material deposited by PECVD [1.39].  
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In general, three major growth mechanisms have been suggested namely the 
etching by atomic hydrogen (H•) [1.40], chemical annealing [1.41] and surface 
diffusion [1.42]. Briefly, etching of Si, especially weakly bonded Si by H• has been 
proposed based on the observations of a decreasing film thickness and enhancing 
crystallinity as more H2 gas is introduced relative to SiH4. Chemical annealing was 
proposed to explain the crystallisation of a-Si layers when exposed to H•. The 
thickness of the layers did not decrease, in which case etching by atomic hydrogen 
is excluded. The chemical annealing mechanism states that the H• penetrates the 
subsurface where it annihilates strained bonds, thereby facilitating crystallisation. 
Surface diffusion occurs when the surface is covered by hydrogen and also when H• 
combine and releases heat, i.e. local annealing. Subsequently, the recombination 
and hydrogen coverage promote the diffusion Si-containing species on the surface 
until it finds an energetically favoured site, ultimately favouring ordering/nucleation of 
crystallites. As diverse as these models may be, it is clear that the presence of 
atomic hydrogen during the deposition appears to be instrumental for the growth of 
nc-Si:H.   
 
In 1979, Weismann et al. [1.43] reported on the deposition of a-Si:H by another type 
of CVD technique, which used a restively heated filament to supply energy to 
dissociate the precursor gases. This technique has gone by many names, including 
hot-filament CVD [1.44], catalytic CVD [1.45], evaporative surface decomposition 
(ESD) [1.46] and hot-wire chemical vapour deposition (HWCVD) [1.47]. The term 
HWCVD is the most commonly used and will be used in this thesis.  
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Regardless of its relatively short history, the HWCVD method has been rapidly 
developed into a technique that can produce nc-Si:H thin films with film properties 
comparable to PECVD [1.18]. Moreover, the absence of plasma and the high 
efficiency at dissociating precursor gases contributes to the capability of HWCVD to 
fabricate nc-Si:H thin films with no damage caused by ion bombardment or dust 
formation as is the case for PECVD [1.12, 1.48].  
 
Depositing device quality nc-Si:H thin films at high growth rates is currently a main 
focus in literature [1.18]. Higher growth rates, while maintaining suitable material 
properties, can be achieved by systematically studying the influence of each 
deposition parameter on the structural and optoelectronic properties. Improving the 
efficiency of dissociating the precursor gases can lead to an increase in film growth 
rate. In HWCVD this is achieved by increasing the filament temperature and the 
filament area. However, filament temperatures > 2000 °C lead to substantial 
substrate heating, which lead to defective materials as the incorporation of H into the 
film is reduced [1.18] and possible metal contamination by evaporating filament 
material [1.49]. Nevertheless, the heated filament plays an important role in the 
HWCVD process. In most cases transition metals such as W and Ta are employed 
as filaments [1.50 and references therein] due to their high melting temperatures, 
favourable mechanical properties and low vapour pressures. The filament’s prime 
purpose is to dissociate the precursor gases (usually SiH4 and H2) into suitable 
radicals available for film growth.  
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Specifically, the SiH4 and H2 gases are efficiently dissociated into H
• and Si radicals 
[1.51]. The subsequent gas phase reactions between radicals en route to the 
substrate have a critical impact on the material quality and depend on the deposition 
pressure and the substrate to filament distance (df-s).  
 
The formation of SiH3 via the hydrogen abstraction by H
• from SiH4 and the insertion 
reaction of Si into SiH4 to form HSiSiH3
• are proposed to be the most important gas 
phase reactions [1.52, 1.53]. Minimal secondary reactions occur at low deposition 
pressures and short ds-f leading to the deposition of disordered material due to the 
high sticking probability of the Si radical [1.54]. On the other hand, multiple gas 
phase reactions occur at high deposition pressures and long ds-f, which can result in 
the formation of higher silanes and subsequently defective, porous material [1.18]. 
Investigating intermediate deposition pressures and ds-f are therefore a vital step in 
depositing device quality nc-Si:H thin films.  
 
The interconnection between the deposition parameters and the system geometry of 
each deposition chamber means that the optimum synthesis conditions will be 
unique for each HWCVD system. Key parameters then to consider for HWCVD of 
device quality nc-Si:H thin films include the deposition pressure, low substrate 
temperatures, a tantalum filament temperature of ~ 1600 °C and the hydrogen 
dilution value.   
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1.3 SILICON NITRIDE 
 
1.3.1 Structural and chemical properties 
 
Silicon nitride can exist in amorphous and crystalline forms. During the past 40 
years, silicon nitride has been developed and industrialised into materials with 
thermal shock resistance, hardness, wear resistance and high temperature stability 
[1.56]. On the other hand, hydrogenated amorphous silicon nitride (SiNx, where x is 
the N/Si ratio) is a wide band gap dielectric that is currently studied and applied 
extensively in the microelectronics industry.  
 
SiNx thin films typically consist of Si-N and Si-Si bonds and can contain up to 39 at. 
% H bonded either as Si-H and/or N-H [1.57]. The N-N and H-H bonds are not 
favoured energetically [1.58]. Dangling bonds in SiNx thin films are the major source 
of defects and act as carrier recombination centres [1.59]. 
 
SiNx films have been applied widely as passivation layers on crystalline solar cells. 
Passivation is achieved during the firing-up step (necessary for forming the contacts) 
during which H• is released from SiNx and partly diffuses into the surface and bulk, 
passivating defects and grain boundaries in the crystalline Si solar cell [1.60]. The 
mass density of a SiNx thin film influences its passivation capability. In general, 
dense SiNx layers are effective at passivation [1.60]. However, too dense SiNx thin 
films can hamper the diffusion of atomic hydrogen through the film [1.61]. 
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Regardless, devices based on porous SiNx films capped on both sides by a-Si:H 
synthesized by HWCVD also showed promising dielectric properties [1.62].  
 
Typically, N-rich (x ≥ 1.33) SiNx films with root-mean-square (rms) roughness values 
of < 1 nm are suggested to be suitable for TFTs and anti-reflective coatings (ARC) 
on solar cells [1.60, 1.63]. However, Si-rich (x ≤ 1.33) or sub-stoichiometric SiNx thin 
films can contain quantum dots of Si (crystalline or amorphous), which is believed to 
enable this class of SiNx as strong candidates for light emitting Si-based materials 
[1.64]. N-rich SiNx layers tend to be denser and more thermally stable than their Si-
rich counterparts [1.60, 1.65]. Lelièvre et al. [1.65] proposed that the more “opened”, 
less stable structure of Si-rich SiNx films enhances the diffusion of H-radicals 
towards the SiNx/Si interface during the deposition, resulting in effective surface bulk 
passivation. Whether Si- or N-rich, SiNx thin films are versatile materials that can 
enhance the optoelectronic properties of solar cells or thin film transistors.    
 
1.3.2 Optical properties 
 
The optical properties of SiNx can be varied depending on its chemical composition, 
especially the N/Si ratio [1.60, 1.66, 1.67]. The incorporation of N within SiNx results 
in a widened optical band gap from typical a-Si values (~ 1.8 eV) to close to the 
Si3N4 value of 5 eV and a reduction in the refractive index [1.68]. Typically, a 
refractive index of ~ 2 is characteristic of SiNx close to stoichiometry [1.69], with 
higher numbers generally associated to an increasing Si-content. 
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The increasing optical band gap (decrease in Si-content) results in an improved 
transmission within the visible range. Moreover, the refractive index of ~ 1.9 is 
intermediate to that of air (1) and a Si-wafer (3.42), which means that N-rich SiNx can 
be used as an antireflective and transparent coating on Si-based solar cells. The 
absorption is minimal as indicated by extinction coefficients which are < 0.1 in device 
quality N-rich SiNx [1.60].  
 
Light-emission from Si-rich SiNx across the visible wavelength range has inspired 
numerous studies [1.64, 1.70 – 1.72]. Theories on the exact mechanism behind the 
luminescence however are still controversial. Two main theories have been 
prevalent; namely the quantum confinement effect from embedded Si quantum dots 
(see Figure 1.5) [1.64] and band tail luminescence [1.72]. Regardless, the added 
photoluminescence ability of a Si-rich SiNx can aid in down converting high energy 
photons and luminescing closer to the band gap energy of the underlying solar cell.  
 
 
 
 
 
Figure 1.5: (a) High-resolution transmission electron image of Si nanocrystals embedded 
in SiNx (inset magnified image of nanocrystals) and (b) photoluminescence 
spectra and pictures (insets) of SiNx films with different size Si nanocrystals 
[1.70]. 
(a) (b) 
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1.3.3 Electrical properties 
 
SiNx is one of the most widely used dielectrics in modern electronic technologies. 
Houweling et al. [1.63] reported on capacitance-voltage (C-V) measurements of N-
rich SiNx films with N/Si > 1.33 grown by HWCVD. It was found that the static 
dielectric constant  amounted to ~ 6.3 and appeared to be independent of the 
composition.  Additionally, trapped and fixed charges reached a maximum at N/Si ~ 
1.33 and have values one order of magnitude lower for chemical compositions on 
either side of N/Si ~ 1.33. The HWCVD SiNx films are suitable for gate dielectrics, 
since the breakdown field is ≥ 2 MV/cm [1.73].  
 
Currently, there is an increasing demand for high quality liquid crystal displays (LCD) 
at low cost and that can be deposited on glass or plastic materials. Alpium et al. 
[1.69] successfully applied HWCVD to synthesize SiNx layers at substrate 
temperatures of 100 and 250 °C with breakdown fields > 10 MVcm-1 and electrical 
conductivity of ~ 10-14 Ω-1cm-1. These low temperature HWCVD SiNx films have 
properties superior to SiNx deposited by electron cyclotron resonance assisted 
sputter deposition at a substrate temperature of 350 °C [1.74].  
 
Whereas most studies have focussed on investigating N-rich SiNx, investigations into 
sub-stoichiometric SiNx (x < 1.33) showed that these films also possess properties 
suitable for optoelectronic technologies [1.65, 1.68, 1.75, 1.76]. Giorgis et al. [1.76] 
reported that by varying the NH3 flow rate relative to SiH4 it is possible to obtain SiNx 
films with properties such as spin densities (indicative of dangling bonds) of ~ 1017 
cm-3, band gap values at α = 104 cm-1 (E04) ranging from 1.90 eV – 3.25 eV and 
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dark- and photoconductivity similar to those of device quality amorphous silicon 
carbide.  
 
1.3.4 Synthesis and growth mechanism of SiNx 
 
Important deposition parameters necessary for high growth rate of device quality 
SiNx thin films include the deposition pressure, filament temperature, SiH4 / NH3 flow 
ratio and the substrate temperature. Similar to the case of nc-Si:H, the optimized 
HWCVD synthesis conditions for SiNx may be unique for each deposition chamber.  
 
Reports on research into the PECVD of SiNx films first appeared in the 1970’s [1.77]. 
Almost two decades later, Matsumura [1.78] reported the first HWCVD of SiNx in 
1989. Since then, the HWCVD technique has developed into a method that offers 
device quality SiNx thin films at superior growth rates and with no ion bombardment 
as is the case for the industrial workhorse, PECVD.  
 
In the case of PECVD of SiNx thin films, it was found that the plasma power plays a 
major role during the deposition. In general, the deposition rate enhances with an 
increasing plasma power until a critical power is reached, after which the rate 
decreases with an enhancing power [1.79]. This phenomenon was attributed to a 
simultaneous deposition-and-etching mechanism.  
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During PECVD, feed gas molecules (usually SiH4 and NH3) are dissociated into SiHx 
and NHx precursors with atomic hydrogen and ions. Consequently, below the critical 
power, the deposition of SiNx by PECVD is determined by the adsorption and 
reactions between precursors at the substrate. However, etching becomes more 
pronounced above the critical power. It is also believed that etching gradually 
deteriorates the film thickness uniformity as the plasma power enhances [1.79].  
 
There are however important advantages that HWCVD have over PECVD of SiNx. 
The gas utilization during HWCVD is superior compared to PECVD and is important 
for rapid growth rates. Ansari et al. [1.80] used gas phase diagnostics to investigate 
the NH3 and SiH4 gas utilization with and without H2 at a W-filament temperature of 
2000 °C. The study showed that the gas utilization rates for NH3 and SiH4 increase 
with a decreasing total gas flow rate and the addition of H2 to the gas mixture. 
Atomic hydrogen, which increases with the addition of H2, was proposed to re-
activate the W-filament surface poisoned by SiH4. Furthermore, the addition of H2 to 
the usual SiH4 / NH3 gas mixture over a heated filament (~ 2000 °C) is believed to 
lead to a higher concentration of H• during the deposition, which then improves the 
quality of SiNx films [1.81, 1.82]. 
 
Umemoto et al. [1.83, 1.84] used laser and mass spectrometry to perform detailed 
analysis of the deposition chemistry related to the HWCVD of SiNx from SiH4 / NH3 
feedstock gases. It was found that NH2 and atomic hydrogen species are produced 
by the dissociation of NH3 by a heated W-filament [1.84]. However, the addition of 
SiH4 to the gas mixture drastically decreased the number of N-containing radicals 
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[1.83]. In contrast to PECVD [1.85], no aminosilanes were detected in the HWCVD 
gas phase during the deposition of SiNx [1.83]. Ansari et al. [1.80] postulated that the 
silicidation of the W-filament surface during exposure to SiH4 reduced its NH3 
dissociation efficiency. This finding can also explains the necessity to use high  NH3 
flow rates in SiH4 / NH3 based depositions [1.69] in order to increase the major SiNx 
growth species NH2 and SiH3 [1.83]. Moreover, the addition of H2 to the typical SiH4 / 
NH3 mixture enhanced the incorporation of N into SiNx thin films [1.82] thereby 
allowing reduced NH3 flow rates.  
 
Some properties of SiNx films deposited by HWCVD and PECVD are compared in 
Table 1.1 [1.60, 1.86]. Other than offering superior growth rates, HWCVD SiNx films 
also tend to show reduced H-contents and film stress.  The lower H-content in 
HWCVD SiNx films has been attributed to a higher H density which is utilized more in 
NH3 dissociation rather than being incorporated into the film [1.87].  The resultant 
lower H-content can also explain the more dense, low stress SiNx deposited by 
HWCVD.   
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Table 1.1: Typical properties of SiNx thin films prepared by HWCVD and PECVD. 
Property PECVD HWCVD 
   
Deposition rate (nm/min) 30 - 100 5 – 438  
H content (%) 10 - 20 3 – 10 
Stress (MPa) 400 50 – 400 
Refractive index 1.9 – 2.0 1.9 – 2.0 
Breakdown field (MV/min) 5 - 10 5 – 10 
 
1.4 FILAMENT DEGRADATION 
 
HWCVD is a promising technique for the large-scale fabrication of device quality nc-
Si:H and SiNx thin films. The optoelectronic properties of these films depend on their 
structure and chemical composition. The structure and chemical composition in turn 
are determined by the synthesis parameters. The filament plays a crucial role in the 
HWCVD process. Specifically, the filament surface, temperature, and operational 
lifetime influence the deposition stability and material properties. However, filament 
degradation is a major drawback in the HWCVD of nc-Si:H and SiNx thin films. 
During the HWCVD of Si-based materials, the radicals generated by the dissociation 
of the precursor gases by the heated filament can diffuse into the filament and cause 
significant changes in its structure and even its failure [1.88]. As a result of filament 
degradation, the deposition process as a whole is influenced and consequently film 
properties [1.89].  
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By using secondary ion mass spectroscopy (SIMS) measurements, Bourée et al. 
[1.49] established that W impurities found in HWCVD nc-Si:H thin films originated 
from the evaporation of the filament during heating. Limiting the filament temperature 
to 1600 °C and its surface area to 5 cm2 minimized the concentration of W within nc-
Si:H thin films [1.49].  van der Werf et al. [1.90] reported that the formation of 
silicides on a W-filament surface reduced the catalytic capability of a W-filament for 
dissociating H2 into atomic hydrogen. Monitoring in situ the power dissipation by 
heated W- and Ta-filaments; it was also found that more electrical power is used by 
the latter when exposed to a H2 atmosphere, which was interpreted as an indication 
that Ta-filaments generate more atomic hydrogen than W [1.90].  
 
Various innovative methods have been proposed to extend the operational lifetime of 
the filament. Knoesen et al. [1.88] found that the exposure of a Ta-filament to a H2 
atmosphere at 1600 °C before and after the deposition reduced the Si-content on the 
filament-surface, resulting in an increase of the operational lifetime from hours to 
months. van der Werf et al. [1.91] found that annealing an aged filament at 2000 °C 
in vacuum resulted in the removal of a Ta3Si5 shell from an aged Ta-filament and 
ultimately, the restoration of the Ta-surface, as shown in Figure 1.6. Hrunski et al. 
[1.92] suggested combined radio frequency (RF) and direct current (DC) heating as 
a cleaning procedure of an aged Ta-filament. The skin effect of the RF current 
minimized the formation of Si deposits on the filament-surface and the diffusion of Si 
into the filament.   
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Figure 1.6: Top row shows optical micrographs of the cross-sections (scale bar 100 μm) 
with bottom row the outer regions at a higher magnification (the scale bar is 
30 μm) of four Ta-filaments with similar deposition history annealed for 
different durations of (a, b) ~10 min (c, d) ~1 h (e, f) and (g, h) ~4 h [1.91].  
 
Despite the obvious influence of the dissociation processes at the filament-surface 
during the HWCVD of nc-Si:H and SiNx films, investigations into the filament 
degradation mechanism at high H2 dilutions and in a SiH4 / NH3 / H2 mixture are 
scarce compared to that conducted at a-Si:H and SiNx (SiH4 / NH3) deposition 
conditions [1.88, 1.92 - 1.97]. Nevertheless, accurately characterising the structural 
evolution of the filament is a vital step in obtaining a stable deposition regime. 
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1.5 AIMS AND OUTLINE 
 
It is clear that an investigation into the thin film growth mechanisms and the filament 
degradation during the HWCVD of nc-Si:H and SiNx are important from a scientific 
and industrial viewpoint.  Therefore, the objectives of this thesis are: 1) to investigate 
the growth process of nc-Si:H thin films synthesized by HWCVD, 2) to investigate the 
growth process of SiNx thin films synthesized by HWCVD, and 3) to study the 
stability of the filaments used for the HWCVD of nc-Si:H and SiNx thin films with the 
aim of obtaining new insights into the filament degradation mechanism.  
 
The outline of the thesis is as follows:  
 Chapter 2 provides brief descriptions of the HWCVD system and the 
characterisation techniques used in this thesis.  
 Chapter 3 presents the first reported electron backscatter diffraction (EBSD) 
studies into the structural evolution of a tantalum filament during the HWCVD 
of nc-Si:H thin films from a H2 / SiH4 gas mixture.  
 Chapter 4 will focus on the growth kinetics of nc-Si:H thin films fabricated by 
HWCVD at various H2 flow rates and deposition times.  
 Chapter 5 explores the effect of the deposition pressure on the structural, 
stress and optical properties of nc-Si:H thin films synthesized by HWCVD at a 
H2 concentration of 95 % for various deposition times.  
 Chapter 6 reports on the failure (after just five 1-hour depositions) of a Ta-
filament, despite the H2 pre-treatment  at HWCVD conditions of SiNx thin films 
from a NH3 / H2 / SiH4 gas mixture. Special emphasis will be placed on the 
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EBSD and time-of-flight secondary ion mass spectroscopy (TOF-SIMS) 
analysis of the aged filament. 
 Chapter 7 presents the investigations into the synthesis and characterisation 
of SiNx thin films fabricated by HWCVD at total SiH4 / H2 / NH3 flow rates of 31 
- 33 sccm for different NH3 flow rates. 
 Finally, a Summary of the investigations carried out in this thesis will be given. 
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EXPERIMENTAL TECHNIQUES 
 
ABSTRACT 
Investigations into the synthesis and characterisation of hydrogenated 
nanocrystalline silicon (nc-Si:H) and silicon nitride (SiNx) thin films are vital stages in 
the development and fabrication of devices based on these materials. This chapter 
will provide a brief description of the hot-wire chemical vapour deposition (HWCVD) 
chamber used for the synthesis of the nc-Si:H and SiNx thin films investigated in this 
thesis. The characterization techniques that have been employed in this thesis to 
investigate the filament stability and the structure-property relationships of 
nanocrystalline silicon and silicon nitride will be briefly discussed. Particular 
emphasis will be placed on electron backscatter diffraction, x-ray diffraction and x-
ray photoelectron spectroscopy. Each technique will be briefly introduced based on 
its relevance to this thesis, followed by a theoretical background and experimental 
set-up. More details of the measurement conditions and procedure are given in the 
subsequent chapters.    
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2.1 HOT-WIRE CHEMICAL VAPOUR DEPOSITION SYSTEM 
 
The MVSYSTEMS HWCVD system is specifically designed for the fabrication of high 
quality semiconductors and devices. The chamber can reach typical base pressures 
in the order of 10-9 mbar. Figure 2.1 shows a schematic of the HWCVD system [2.1].  
 
 
 
 
 
 
 
 
Figure 2.1: Schematic showing the cross-sectional view of the HWCVD chamber. 
 
Ammonia, hydrogen and silane gases can be dosed separately or as a mixture via a 
gas inlet. The gas flow rates are controlled by mass flow controllers. An automatic 
pressure controller allows for the regulation of the deposition pressure within the 
system by electronically adjusting a butterfly valve.  
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A tantalum (Ta)-filament (diameter ~ 250 µm, length 1 m) is heated by an AC current 
and the filament temperature is measured by an optical pyrometer. The substrate 
temperature is determined by the substrate heater and filament temperature [2.1]. 
The substrate stage can be extracted from the high vacuum chamber and removed 
from the HWCVD system via a load-lock, typically at 10-3 mbar.  
 
Mounted on the substrate stage are monocrystalline silicon (100) and Corning 7059 
glass substrates (25 mm X 25 mm). The substrates are prepared for deposition 
using a standard cleaning method consisting of: 5 minutes sonication in acetone, 
then methanol and then rinse in distilled water. The c-Si substrates were then further 
dipped for one minute in a 5 % HF solution. 
 
2.2 STRUCTURAL CHARACTERIZATION 
 
2.2.1 X-ray diffraction 
 
The wavelength of x-rays is in the order of 10-10 m (Å), which matches that of the 
interatomic spacing of crystals. As a result, x-rays experience diffraction at certain 
incident angles. During most of the last 100 years x-ray diffraction (XRD) has been 
developed into a technique used for the identification and quantification of crystal 
structure, chemical analysis, stress measurement and particle size [2.2].  
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The well-known Bragg law defines the requirements for the diffraction of x-rays from 
by a crystal and is written as: 
Bd  sin2      (2.1) 
where λ is the x-ray wavelength, d the interatomic spacing and θB the diffraction 
angle.  
 
The diffraction peaks measured during XRD are explained by the Bragg law. 
However, the width of the peaks increases as the size of the crystalline particles 
decreases; this effect becomes measureable below a crystallite size of 100 nm. The 
Scherrer equation [2.2] is then used to estimate the particle size from the 
measurement of the widths of the corresponding diffraction peaks and is expressed 
as: 
B
XRD
B
d


cos
9.0
      (2.2) 
where dXRD is the size of the particles and B the width of the peak (in radians) taken 
from the full width at half maximum (FWHM). The particle size is not the only 
contributor to the peak width. In most cases, the strain/stress within the sample and 
instrumental broadening are also contributors to the broadening of the diffraction 
pattern of nanostructured materials. Separating the structure related broadening 
(size and strain) from the instrumental broadening is important to perform reliable 
XRD analysis. 
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XRD has provided valuable insights into the characterisation of nc-Si:H and SiNx thin 
films. The type of information that is generally extracted from XRD is the 
determination of the crystalline volume fraction [2.3], particle size [2.4] and stress 
measurement [2.5]. XRD also provided insights into degradation studies of the 
filaments that were used during the HWCVD of nc-Si:H [2.6]. 
 
XRD patterns were collected in reflection geometry with a step size of 0.02, using a 
PANalytical XPert diffractometer operating at 45 kV and 40 mA. Copper Kα radiation 
with a wavelength of 1.5406 Å was used as the x-ray source. The XRD patterns 
were indexed using the 2011/2012 database maintained by the International Centre 
for Diffraction Data (ICDD) [2.7]. A NIST SRM 660 LaB6 reference material was used 
as a standard to determine the instrumental broadening and polycrystalline Si to 
determine the peak positions. 
 
2.2.2 Electron backscatter diffraction 
 
The determination of a material’s crystallographic information is vital to obtain an 
understanding of its structure-property relationships. As an add-on package to a 
scanning electron microscope (SEM), electron backscatter diffraction (EBSD) has 
been developed into a robust, accurate and fast characterisation technique that 
determines and quantifies crystallographic information [2.8]. It is possible to analyse 
thousands of orientations per hour, thereby allowing excellent statistical distributions.  
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Combined with measuring the elemental composition of the material, this allows for 
the analysis of the material’s microstructure, elemental composition and 
crystallographic information, all within the SEM.  
 
An EBSD pattern is obtained in a SEM by irradiating a tilted sample with a stationary 
electron beam. Figure 2.2 shows a diagram of the experimental arrangement to 
obtain an EBSD pattern within a SEM [2.9, 2.10]. The mechanism of EBSD pattern 
formation can either be described by the channelling or diffraction of electrons [2.8]. 
Nevertheless, in both mechanisms two flat cones of electrons emanate from a 
particular atomic plane. The cones interact with the phosphor screen on the EBSD 
detector, creating two lines separated by an angle equal to 2θB, where θB is the 
angle corresponding to diffraction.  
 
Figure 2.2: Formation of an EBSD pattern from the diffracted incident electron beam in a 
SEM adapted from [2.10].  
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The lines formed on the phosphor screen are known as Kikuchi lines. There are 
multiple regions where the Kikuchi lines intersect; the intersections correspond to 
zone axes within the crystal. In effect, the EBSD pattern is an angular map of the 
crystals within the sample. Figure 2.3 presents the relationship between the sample 
crystal structure and the detected EBSD pattern. Phase identification and 
crystallographic orientation are therefore possible from EBSD analysis.  
 
Figure 2.3: Schematic representation showing the relationship between the EBSD pattern 
and the sample crystal structure adapted from [2.10]. 
 
However, the calculations necessary to determine the crystallographic information 
from the EBSD patterns are exhaustive. To simplify the calculation, the detected 
EBSD pattern is converted to a point. Specifically, the line composing the EBSD 
pattern is represented in image space by the formula for a straight line bmxy   
which can be graphically plotted for each point (x, y) in the CCD image.  
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Instead of using (x, y) points to represent the line, the line in the image is converted 
to a point in the so-called Hough space represented by coordinates (ρ, θ) by: 
 sincos yx      (2.3) 
with ρ being the distance to the line from the origin (0, 0) and θ the angle between ρ 
and the x-axis, as illustrated in Figure 2.4 [2.9, 2.10]. Effectively, the line on the CCD 
camera can be represented by a bright point in Hough space, which can be used to 
calculate the positions of the measured Kikuchi lines. Subsequently, by employing 
the system geometrical calibration, the angles between the planes producing the 
Kikuchi lines can be determined and compared to a set of pre-loaded patterns to 
assign the relevant Miller indices and determine the crystal orientation. This 
automated EBSD indexing and orientation process is summarized in Figure 2.5 
[2.10].  
 
 
Figure 2.4: Transformation of (a) a line into (b) Hough space [2.9, 2.10].   
 
 
(a) (b) 
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Figure 2.5: Process of finding the Kikuchi bands in the EBSD pattern using the Hough 
transformation taken from [2.10]: (a) Si diffraction pattern at 20 kV, (b) Hough 
transformation and colour coded identification of the pattern in (a), (c) peaks 
found in the Hough transform overlaid onto the original EBSD pattern and (d) 
indexed Si diffraction pattern.   
 
EBSD is a surface technique, in that the pattern originates from the first 10 – 100 nm 
of the sample surface [2.8]. The electron beam profile within the sample has a 
narrower energy distribution when the sample is tilted. Specifically, the 
backscattered electrons that have lost a small fraction of their energy contribute to 
the EBSD pattern [2.8]. These electrons originate from the surface in close proximity 
to the incident electron beam, which means that EBSD has a spatial resolution 
directly related to the incident electron beam size.  
(a) 
(d) (c) 
(b) 
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The spatial resolution also depends on the material type and the electron beam 
acceleration voltage. The beam spread (interaction volume) is larger in low atomic 
number, less dense materials; this effect is enhanced as the acceleration voltage 
increases. As a result, the area from where the backscatter electrons originate 
enlarges, decreasing the resolution of EBSD for low atomic number materials at high 
beam energy. Nonetheless, EBSD resolutions of 30 nm in aluminium and 10 nm in 
brass were obtained at an acceleration voltage of 20 kV in a field-emission gun 
(FEG) SEM [2.11]. Isabell et al. [2.12] reported on EBSD resolutions in Ni of 100 and 
50 nm at 20 and 10 kV, respectively.  
 
EBSD analysis was performed in a Zeiss LEO 1525 FEGSEM at 25 kV with the 
sample tilted 70° relative to the incident electron beam. The OXFORD INCA Crystal 
software was used to solve the characteristic EBSD patterns emanating from the 
sample. However, as extensive as the phase list is in the OXFORD INCA Crystal 
software is, there is a lack of tantalum silicides and nitrides. Fortunately, the software 
allows for the addition of new phases to the list. The information required for the 
addition of new phases is the space group number, unit cell parameters, atomic 
position of the elements and the atom occupancy, which are available in the ICDD 
database [2.7]. XRD was employed to validate the EBSD analysis performed on the 
aged Ta filaments used in this thesis.  
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2.2.3 Raman spectroscopy 
 
The Raman effect occurs when photons in an intense laser beam are scattered 
inelastically by vibrating molecules. Subsequently, the photon undergoes a 
frequency shift equal to the frequency of a phonon that was either created (Stokes 
scattering) or annihilated (anti-Stokes) during the photon-molecule interaction.  
 
The phonon density of states of nc-Si:H and SiNx are reflected by the Raman 
spectrum. Within the wavenumber range of 100 to 1500 cm-1 the detected bands 
consists of the transverse optic (TO) mode of crystalline silicon centred at 520 cm-1. 
Also present are the amorphous silicon modes consisting of the transverse acoustic 
(TA) at 150 cm-1, longitudinal acoustic (LA) at 330 cm-1, the longitudinal optic at 445 
cm-1 and the TO at 480 cm-1.  As a result, Raman spectroscopy is a versatile 
analysis technique and has been used to analyse the short-range ordering of 
hydrogenated nanocrystalline and amorphous silicon thin films [2.13]. Raman 
spectroscopy can also be employed to identify Si-N bands, which occurs at 826 cm-1 
and 730 cm-1 [2.14, 2.15].   
 
Raman spectra were recorded in backscattering geometry with a spectral resolution 
of 0.4 cm-1, using a Jobin-Yvon HR800 micro-Raman spectrometer operated at an 
excitation wavelength of 514.5 nm. Monocrystalline silicon was used to calibrate the 
spectrometer. The power of the Raman laser was kept below 5 mW to avoid laser 
induced crystallisation. 
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2.2.4 Atomic force microscopy 
 
Atomic force microscopy (AFM) was used to measure the 3D surface morphologies 
of the SiNx and nc-Si:H thin films. Topography 3D images of the films were collected 
using a Veeco NanoScope IV Multi-Mode AFM in tapping mode in air at room 
temperature with a tip size of ≈ 10 nm. Root mean square (RMS) values were then 
determined from the AFM software.  
 
2.2.5 High-resolution transmission electron microscopy and electron energy 
loss spectroscopy 
 
The need for the characterisation of materials at atomic resolution has increased 
with the advent of nanoscience within the last few decades. High-resolution 
transmission electron microscopy (HRTEM) involves the atomically resolved imaging 
and analysis of a thin sample using a high energy electron beam (100 to 300 keV).  
 
The high-resolution within an HRTEM is achieved based on the wave nature of 
electrons and corrections within the electron column to minimise lens aberrations. 
Consequently, HRTEM is a powerful technique that provides ultra-high resolution 
studies probing the defects, crystallography and elemental composition of well-
prepared samples.  
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One of the advanced techniques accompanying modern HRTEM’s is electron energy 
loss spectroscopy (EELS). During EELS a sample is irradiated with a high energy 
electron beam. The electrons that underwent inelastic scattering (loss of energy) with 
the atoms composing the sample contain information of the chemical composition 
and band structure of the sample.   
 
HRTEM and EELS studies were performed in a JEOL ARM 200F TEM in scanning 
transmission electron microscopy mode at 200 kV. The Gatan Quantum GIF energy 
filter was used to acquire the EELS element maps at a collection angle of 41.7 mrad. 
Electron diffraction was performed in a FEI Tecnai F20 TEM at an acceleration 
voltage of 200 kV. 
 
2.2.6 Scanning transmission electron microscopy 
 
High-resolution analysis of thin film analysis within a SEM is limited to the interaction 
volume of the incident electron beam. However, the origin of the detected electrons 
may be decreased by reducing the thickness of the film. By placing an electron 
detector below the sample it becomes possible to perform scanning transmission 
electron microscopy (STEM) within the SEM by measuring the transmitted electrons. 
The internal structure of the thin films can then be analysed to obtain information 
relating to the porosity, crystallinity and phase contrast at high resolution within a 
FEGSEM.  
 
 
 
 
 
Experimental techniques 
48 
 
A FEI Helios NanoLab 650 dual beam focus ion beam scanning electron microscope 
(FIBSEM) was used to prepare and image cross-sections of the films. The STEM 
analysis was performed in the Helios at an acceleration voltage of 30 kV.  
 
2.2.7 Fourier-transform infrared spectroscopy 
 
Fourier transformed infrared (FTIR) spectroscopy was used to determine and 
quantify the asymmetrical bonding configurations of SiNx thin films on c-Si 
substrates. Table 2.1 summarises the generally accepted vibrational modes and 
corresponding absorption bands of typically observed in SiNx and Si:H thin films 
[2.16, 2.17]. According to the Brodsky-Cardona-Cuomo (BCC) correction proposed 
by Brodsky et al. [2.18], the relationship between the transmission spectrum and the 
absorption coefficient α(ω) in the case where the refractive index of the Si:H film and 
the substrate are equal is given by: 
dα
dα
BCC
BCC
eTT
eT
ωT 2-2
0
2
0
-
0
)-1(-)+1[(
4
=)(
   (2.4) 
where d is the thickness of the SiN layer, T0 the baseline transmission when α(ω) = 
0; T0 = 0.54 for crystalline Si. Maley [2.19] proposed correcting the BCC correction 
itself to eliminate the effect of coherent reflections in the Si:H films by: 
dω
α
α
BCC
TRUE 12-72.1
= ; for ωd ≤ 0.06           or       BCCTRUE αα = ; for  ωd > 0.06       (2.5) 
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Table 2.1: Generally accepted assignments of Si-H, Si-N and N-H vibrational modes to 
absorption bands [2.16, 2.17]. 
Wavenumber (cm-1) Vibrational mode 
630 Si-Hx rocking 
845, 890 (Si-H2)n bending 
850 Si-N stretching 
880 Si-H2 bending 
1200 N-H bending 
2000 Si-H (isolated) stretching 
2100 Si-H stretching 
2070-2100 Si-H (on voids), Si-H2, (Si-H)n stretching 
2130 Si-H2 stretching  
3300 N-H stretching 
  
  
The integrated absorption at a specific bond X-Y is a measure of the amount of that 
specific bonding configuration. The bond density [X-Y] is determined by: 
   YXYXYX IAAYX 
 )(
][
  (2.6) 
where AX-Y is the FTIR proportionality factor and IX-Y the integrated absorption.  
 
The bonding configuration of the SiNx and nc-Si:H thin films were investigated using 
a Perkin Elmer fast-Fourier transformed infrared (FTIR) spectrometer at a spectral 
resolution of 1 cm-1. A background spectrum was subtracted from a bare area of a c-
Si (100) substrate.  
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2.3 COMPOSITION CHARACTERIZATION 
 
2.3.1 X-ray photoelectron microscopy 
 
X-ray photoelectron spectroscopy (XPS) is extensively used to interrogate the 
chemical composition of surfaces. Surface analysis using XPS involves irradiating a 
material with monochromatic soft X-rays, usually Al Kα (1486.7 eV) [2.20]. The X-
rays interact with the surface atoms resulting in the emission of electrons via the 
photoelectron effect. The emitted photoelectrons have kinetic energies given by: 
SBEhKE       (2.7) 
where hv is the energy of the incident x-ray photon, BE is the binding energy of the 
atomic orbital from which the electron originates and σS is the spectrometer work 
function.  
 
The binding energy corresponds to the energy difference between initial and final 
states after the photoelectron has left the atom and is characteristic to each atom. 
Elemental quantification is performed using the area and height of the specific 
energy peaks.  
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Methods involving peak area sensitivity factors are typically more accurate and 
generally used. The number of atoms n of the element per cm3 of the sample for 
homogenous sample is given by [2.20]: 
ATyf
In


     (2.8) 
where I is the number of photoelectrons per second in a specific spectra peak, f is 
the x-ray flux in photons/cm2/s, σ is the photoelectron cross-section for the specific 
atomic orbital in cm2, θ is an angular efficiency factor of the detector based on the 
instrumental arrangement, y is the efficiency of the photoelectric process for the 
formation of the photoelectrons in the sample, A the area of the sample from which 
the photoelectrons are detected, λ is the electron mean free path of the 
photoelectrons in the sample and T is the electron detection efficiency for the 
electrons emitted from the sample. The denominator in equation (2.8) is known as 
the atomic sensitivity factor S. Reference values for S are dependent on the XPS 
system geometry and are pre-loaded on most modern systems. 
 
Accordingly, XPS analysis offers qualitative and quantitative chemical composition 
analysis of the surface. In some XPS systems, elemental depth profiling is possible. 
During automated depth profiling, argon ions are used to sputter a surface by 
removing atomic layers. XPS is then performed on the surface after each sputtering 
cycle, thereby providing the elemental composition within the sample. 
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XPS was performed in wide and narrow energy band scan modes on a PHI Quanta 
2000 spectrometer using monochromatic AlKα X-rays. Elemental concentration 
sputtering depth profiles were obtained via sputtering using Ar ions in the narrow 
scan mode.  
 
2.3.2 Energy dispersive x-ray spectroscopy 
 
Energy dispersive x-ray spectroscopy (EDS) has been developed into a quantitative 
technique widely used during electron microscopy. The EDS procedure consists of 
the generation, detection and quantification of a characteristic x-ray emitted from the 
sample. During the SEM analysis, electrons within the incident beam remove some 
of the sample’s electrons that occupy different energy levels. The removal of one of 
the electrons from the energy shell results in an unstable atomic energy state. An 
electron from a neighbouring energy level fills the empty level which results in the 
emission of an x-ray with a characteristic energy. The emitted characteristic x-ray 
then allows for the identification of an element.  
 
In practice only elements with an atomic number Z > 4 can be detected. 
Furthermore, the energy resolution of the EDS detector is currently between 125 to 
135 eV, which results in the overlapping of some elements x-ray energy lines (e.g. Si 
and Ta/W). Also, as the generation of the x-rays occur throughout the interaction 
volume, quantifying the elemental concentration requires correction for matrix 
effects.  
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Briefly, the atomic number (Z), x-ray absorption (A) and fluorescence (F), collectively 
known as the ZAF correction factors, is widely used to determine the total matrix 
correction [2.8]. Modern EDS software packages come pre-loaded with standards 
(calculated from first-principles or fitted standards) that allows for the so-called 
“standardless quantification” of elemental composition from EDS. 
 
EDS analysis was performed in a Zeiss LEO 1525 FEGSEM. The peak positions in 
the EDS spectra and beam stability were determined with a pure element standard 
using the OXFORD INCA EDS software. 
 
2.3.3 Time-of-flight secondary ion mass spectroscopy 
 
Secondary ion mass spectroscopy (SIMS) is the mass spectroscopy of ionised 
particles that are emitted by a solid when it is bombarded by an energetic beam of 
primary particles (usually ions) [2.21]. Figure 2.6 shows a schematic representation 
of the SIMS process. There are two variants of SIMS: dynamic and static. Dynamic 
SIMS is the more destructive of the two in that it bombards the surface with a 
primary ion flux density typically > 1 μAcm-2. Although dynamic SIMS is not a true 
surface analysis technique, it is especially valuable in the semiconducting industry 
where it is used to determine ultra-low levels of impurities within semiconductors.  
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Static SIMS on the other hand involves bombarding the surface with a low particle 
flux density (< 1 nA cm-2). The secondary ions emitted during static SIMS originate 
from the topmost atomic layer as most of the surface is only expected to be 
bombarded once by an incident particle during the analysis, i.e. the surface is 
essentially static.  
 
 
 
 
 
 
Figure 2.6: Schematic depicting the basic principle of SIMS measurement [2.21]. 
 
A time-of-flight (TOF) instrument is one of the widely used mass analysers. However, 
TOF-SIMS suffers from sample matrix effects and is time consuming in depth 
profiling a surface on the micron level. Despite these drawbacks, TOF-SIMS has a 
superior sensitivity and unrivalled mass resolution capabilities in analysing the 
emitted secondary ions.  
 
Primary ion beam 
Sample surface 
 
 
 
 
 Chapter 2 
55 
 
TOF-SIMS was performed on the aged filament (SiNx deposition conditions) using an 
ionTOF ToF-SIMS5 system. Elemental maps of the aged filaments were 
accumulated after sputtering the surface with oxygen ions. 
 
2.3.4 Elastic recoil detection  
 
Elastic recoil detection (ERD) is a technique used to determine the composition of 
light elements [2.22, 2.23]. Similar to Rutherford backscatter diffraction (RBS), ERD 
is based on the elastic collision between energetic ions and atoms within the sample. 
The difference is that during ERD the elements to be analysed are recoiled in a 
forward direction because of their inferior mass relative to the incident ion. Consider 
the following situation: a beam of projectiles with mass M1, atomic number Z1 at 
energy E0 is incident upon a sample. The recoiled atom of mass M2, atomic number 
Z2, is scattered with energy E2 at an angle Φ. This scenario is depicted in a 
schematic of the experiment in the laboratory reference frame shown in Figure 2.7. 
 
 
 
 
Figure 2.7: Schematic depicting the elastic collision between a projectile of mass M1 at 
energy E0, and the target mass M2, which is initially at rest. After the collision, 
the target mass is scattered with an energy E2 at a scattering angle Φ. 
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The energy of the recoiled atom can be related to the projectile energy by the 
kinematic factor, K, by [2.22, 2.23]: 
02 KEE        (2.9) 
where; 
 


 2
21
21 cos
4
MM
MM
K
    (2.10) 
From equation (2.10) it is clear that the kinematic factor K depends on the scattering 
angle Φ, the projectile mass M1 and recoiled mass M2. The recoiled mass can 
therefore be determined if the ratio E2/E0, the projectile mass and the scattering 
angle are known. 
 
The probability with which the elastic collision occurs is another important factor. The 
chance that one particle from the projectile beam ejects a recoil atom in such a way 
that it is recoiled in the direction of the detector is described by the Rutherford 
differential cross section, which is governed by columbic scattering.  
 
The differential cross-section is given by [2.22, 2.23]: 


















 

 3
2
0
2
12
21
cos
1
2
1
E
M
M
eZZ
d
d
  (2.11) 
where Ω is the finite solid angle spanned by the detector, and e is the electron 
charge.  
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For a constant concentration of target atoms, the yield/number of detected particles 
is related to the number of target atoms/cm2 by [2.22, 2.23]: 
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By employing a Mylar foil (15 μm thick) in-front of the detector all elements except for 
H are effectively prevented from reaching the detector. The total hydrogen content in 
the SiNx films was then determined using ERD analysis at the Materials Research 
Group at iThemba Labs in Faure, South Africa. ERD was performed using 3 MeV 
He2+ ions generated by a Van de Graaff generator. A Kapton reference material 
(coated with ~ 1 Å Pt) was used for energy and geometry calibration.   
 
2.4 OPTICAL CHARACTERIZATION 
 
The optical properties of the nc-Si:H and the SiNx thin films were determined from 
reflection and transmission measurements in the range 1.4 – 6.2 eV. The optical 
constants (refractive index, thickness, absorption coefficient and extinction 
coefficient) were extracted from UV-VIS reflection and transmission spectra by 
employing the Bruggeman Effective Medium Approximation (BEMA) [2.24] using the 
Scout program [2.25].  
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The absorption coefficient at different photon energies E, α (E) was calculated from 
the imaginary part of the complex refractive index        by: 



)(4
)(
Ek
E 
     (2.13) 
where λ is the wavelength of the incident radiation and k the extinction coefficient. 
The optical band gap Eg can be estimated from the real part of the refractive index 
n(E) and α(E) by the following relation: 
  )()()( )1(
1
gg
qp EEBEEnE 
  (2.14) 
where Bg is a constant. The parameters p and q describe the density of states (DOS) 
distribution of the band edges. If the DOS distribution is taken to be parabolic in both 
the valence and conduction band, i.e. p = q = ½, then equation (13) describes the 
Tauc plot [2.26]. The Tauc band gap ETAUC is then determined by extrapolating 
[α(E)n(E)E]1/2 versus E to α(E) = 0 for α(E) ≥ 103 cm-1. Figure 2.8 shows Tauc plots 
of typical SiNx samples with different-contents.  
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Figure 2.8: Examples of estimating the optical band gap from the Tauc plot for typically 
silicon-rich and nitrogen rich SiNx samples. 
 
2.5 MECHANICAL PROPERTIES 
 
2.5.1 Film Stress measurement 
 
The total film stress (σTOTAL) is assessed from curvature measurements on Corning 
substrates with and without a thin film by using Stoney’s equation [2.27]: 
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where: R1 and R0 is the radius of curvature the Corning substrate after and before 
the deposition, respectively, ES the Young’s modulus and vS the Poisson’s ratio of 
the Corning substrate, tS and tf the thickness of the substrate and film, respectively.  
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Curvature measurements were performed along 10 line scans (horizontally and 
vertically) spaced ~ 2mm on the Corning substrate (film side-up) using the Taylor 
profilometer at the National Metrology Institute of South Africa (NMISA). The total 
film stress is the sum of the intrinsic film stress (σi) and thermal stress (σT) 
components. The thermal stress is determined by: 
  Taa
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f
f
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
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
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1
    (2.16) 
where Ef, vf and αf correspond to the film Young’s modulus, Poisson ratio and 
thermal expansion coefficient, respectively and ΔT is the difference between the 
substrate and room temperature.  
 
2.5.2 Vickers microhardness measurement 
 
Microhardness test encompasses the routine determination of hardness from 
indentations made by diamond tips with loads that do not exceed 1 kg [2.28]. 
Specifically, the hardness is measured by determining the dimensions of the 
resulting indentation with a microscope and using conversion tables in accordance to 
international standards. Vickers microhardness measurements were carried out 
using a FM-700 Microhardness Tester. Indentations were performed at loads in the 
range 0.05 to 0.1 kg and a dwell time of 10 s. 
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CHAPTER 3 
 
 
STRUCTURAL EVOLUTION OF A Ta-FILAMENT 
DURING HOT-WIRE CHEMICAL VAPOUR 
DEPOSITION OF SILICON INVESTIGATED BY 
ELECTRON BACKSCATTER DIFFRACTION 
 
ABSTRACT 
We report on the application of electron backscatter diffraction to investigate the 
structural changes of a tantalum filament operated at typical hot-wire chemical 
vapour deposition conditions for the synthesis of hydrogenated nanocrystalline 
silicon. Various tantalum-silicides, identified by electron backscatter diffraction, form 
preferentially along the length of the filament. The filament has a recrystallized Ta 
inner core and a TaSi2 layer encapsulated with a Si layer at the cooler ends. The α-
Ta5Si3, metastable Ta5Si3 and Ta2Si phases formed in addition to recrystallized Ta 
and TaSi2 at the centre regions. Cracks and porosity were prevalent throughout the 
length of the filament. Hardness measurements revealed that the recrystallized Ta 
core adds durability, whereas the silicides were harder but less tough. The 
microstructural evolution of the aged tantalum filament can be ascribed to the 
thermal gradient along the filament length, recrystallization of Ta and the variation of 
silicon content within the filament. 
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3.1 INTRODUCTION 
 
The hot-wire chemical vapour deposition (HWCVD) technique has shown promise as 
a viable route for the synthesis of device quality silicon thin films at high growth rates 
without reducing the film quality [3.1]. However, one of the main concerns facing 
HWCVD is filament ageing, i.e. the reaction between the heated metallic filament 
(usually Ta or W) and the process gas mixture, which results in the formation of 
various silicides, cracks along the filament length, and in some cases solid Si 
deposition [3.2-3.5]. These structural changes lead to unstable deposition conditions 
and a reduced filament operational lifetime.  
 
Despite the remarkable progress in minimizing the influences of filament ageing on 
its operational lifetime via pre- and post-deposition treatments with hydrogen [3.4] 
and in vacuum [3.5], and RF and DC heating [3.2], there still exists a need to further 
interrogate the filament ageing process, especially at hydrogenated nanocrystalline 
silicon (nc-Si:H) deposition conditions. To date, the techniques used to characterize 
filament ageing have been limited to mostly x-ray diffraction (XRD), scanning 
electron microscopy (SEM), optical microscopy and in-situ resistance/temperature 
curves. However, in the case of characterization of tantalum-silicides by energy 
dispersive x-ray spectroscopy (EDS); there is an overlap of the TaM and SiK peaks, 
which poses a risk of an incorrect determination of the elemental composition. In this 
contribution we will show how electron backscatter diffraction (EBSD) can be used to 
overcome the current limitations of EDS of tantalum and its silicides due to its 
inherent ability to discern between the crystallography of different phases. XRD and 
SEM analysis will be used to validate the EBSD results. 
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3.2 EXPERIMENTAL DETAILS 
 
A Ta-filament with a diameter of ~ 250 m and length ~ 1 m was used to synthesize 
nc-Si:H thin films at a temperature of 1600 C using an MVSystems HWCVD reactor 
described elsewhere [3.6]. Prior to and after each deposition run, a standard 30 
sccm H2 gas treatment process was performed for 5 minutes [3.4]. The deposition 
pressure, substrate temperature, silane flow rate and hydrogen flow rate were fixed 
to 60 µbar, 200 °C, 1.5 sccm and 27.5 sccm, respectively. After failure/ burnout, 
which occurred after 15 one-hour deposition runs, the Ta-filament was carefully 
removed from the HWCVD reactor in order to limit any mechanical disturbances. 
Multiple regions were cut off along the length of the filament. Representative cross-
sections of the aged Ta-filaments were metallographically prepared from the centre 
and cooler end (electrical contact) regions using fine grinding discs, polishing and 
then final polishing by means of ~ 40 nm colloidal silica suspension.  
 
The microstructure of the cross-sections were analysed using a LEO 1525 field-
emission gun scanning electron microscope (FEGSEM). Backscatter and forward 
scatter electron images were accumulated to distinguish the phases present. EBSD 
analysis was performed at 25 kV with the sample tilted to 70 relative to the incident 
electron beam. The OXFORD INCA Crystal software was used to solve the 
characteristic Kikuchi patterns emanating from the sample, thereby allowing for the 
identification of the different phases present.  The filament was also crushed along 
different sections for XRD studies. XRD patterns were collected in reflection 
geometry at 2θ-values ranging from 10 – 90 with a step size of 0.02, using a 
PANalytical XPert diffractometer operating at 45 kV and 40 mA. Copper Kα radiation 
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with a wavelength of 1.5406 Å was used as the X-ray source. The XRD patterns 
were indexed using the database maintained by the International Centre for 
Diffraction Data (ICDD) [3.7]. Vickers hardness measurements were carried out 
using a FM-700 Microhardness Tester. Indentations were performed at a load of 0.1 
kg and a dwell time of 10 s.  
 
3.3 RESULTS AND DISCUSSION 
 
Figure 3.1 shows a forescatter image of the cross-section of the pure Ta-filament 
prior to the deposition. The different regions of contrast are a result of the orientation 
of the Ta grains with respect to the electron beam, illustrated by the corresponding 
EBSD grain orientation map in Figure 3.1b. The dark region in Figure 3.1b 
corresponds to the resin where no diffraction by Ta occurred.  
 
 
 
 
 
 
 
 
Figure 3.1: (a) Forescatter micrograph of the pure Ta-filament and (b) its 
corresponding EBSD grain map with orientation key.  
 
 
100 µm 100 µm 
(a) (b) 
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Figure 3.2 shows a secondary electron micrograph of the aged filament-surface. A 
surface layer composed of pure Si is present, as concluded by EDS analysis with the 
absence of the TaLα peaks. Figure 3.3 shows a backscatter electron micrograph of 
the cross-section of the aged filament sampled from the ends. The filament diameter 
increased by ~ 100 m and its morphology changed drastically with a 200 m-thick 
silicide layer, encapsulating a predominately Ta inner core of diameter ~ 180 m. 
Cracks appear within the silicide layer that extends throughout the length of the 
filament and it contains a porous structure (~50 μm thick) at its outer perimeter. It 
should also be noted that severe crack formation is absent from the inner core of the 
filament.  
 
 
Figure 3.2: Secondary electron micrograph of the filament-surface sampled from 
the ends. 
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Figure 3.3: (a) Backscatter electron micrograph of the filament cross-section 
sampled from the ends and (b) higher magnification micrograph. 
 
Figure 3.3b reveals that regions of contrast exist within the silicide layer, which 
increases in length moving from the outer perimeter radially inwardly. EDS analysis 
of Si and Ta is difficult considering the overlap of the SiKα and TaMα peaks, given the 
difference in their characteristic X-ray energy of only 30.2 eV, which is less than the 
detector resolution of 138 eV. Therefore it is not possible to conclude from our 
current EDS system if the contrast in the backscatter micrograph is caused by 
differences in elemental composition. 
 
EBSD phase maps of the aged filament’s cross-section sampled from the ends are 
presented in Figure 3.4. The phase maps show that a TaSi2 layer encapsulates a Ta 
inner core. EBSD also reveals that there is an outer Si shell enclosing the filament. 
The average grain size of the TaSi2 phase increases inwardly from the perimeter as 
shown in Figure 3.5. These grains are also orientated differently (inset) with respect 
to the electron beam, which causes the contrast differences within the silicide layer 
observed in Figure 3.3b.  
(b) (a) 
100 µm 40 µm 
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On the other hand, EBSD reveals that there appears to be a preferential orientation 
developing radially inward. Figure 3.6 discloses that the inner core is composed of 
recrystallized Ta grains. This is most likely the origin of the enhancement of the grain 
size and preferential orientation of the TaSi2 phase radially inward. EBSD therefore 
compensates for the limited analysis capabilities of EDS for tantalum-silicides, due to 
its ability to discern the crystallographic structure of the aged filament. 
 
 
Figure 3.4: EBSD phase map of the filament cross-section sampled from the ends. 
 
100 µm 
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Figure 3.5: TaSi2 grain map with orientation key. 
 
Figure 3.6: Ta grain orientation map from the end regions with orientation key. 
 
 
100 µm 
100 µm 
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Figure 3.7 presents secondary electron micrographs of the filament-surface sampled 
from the centre regions. Noticeable is the porous and cracked structure of the aged 
filament. Figure 3.8 shows a backscatter electron micrograph of the aged filament’s 
cross-section sampled from the centre region. The filament diameter increased by ~ 
50 m, a minor increase compared to the cooler ends. Cracks and a ~ 60 m-thick 
porous structure are present, similar to the end regions. However, the porosity is 
enhanced and there appears to be 5 regions of different contrast as shown in Figure 
3.8b. The diameter of the aged filament increased by ~ 33% and ~ 17% at the ends 
and the centre regions, respectively. This is attributed to the inferior Si evaporation 
rate at the cooler ends compared to the hotter centre region, thereby resulting in 
more Si incorporation and consequently thicker silicide layers at the ends. Again, 
due to the inability of EDS to discern between Ta and Si, it is impossible to 
accurately identify the regions of contrast observed by SEM of the aged filaments. 
 
 
Figure 3.7: (a) Secondary electron micrograph of the filament-surface sampled 
from the centre regions and (b) higher magnification micrograph.  
 
 
100 µm 2 µm 
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Figure 3.8: (a) Backscatter electron micrograph of the filament cross-section 
sampled from the centre region and (b) higher magnification 
micrograph revealing the different regions of contrast and structure 
 
An EBSD phase map of the aged filament’s cross-section sampled from the centre 
region is shown in Figure 3.9. Complementary to the backscatter images (Figure 
3.8), the TaSi2, Ta5Si3, αTa5Si3, Ta2Si and Ta phases are identified and their 
crystallographic information is summarized in Table 1 [3.8]. It must be noted that 
previous microscopy studies revealed the existence of silicide layers [3.5], but were 
unable to accurately identify the phases. However, EBSD identifies and isolates the 
location of these silicides that have eluded investigations thus far. The reduction of 
the Si constituent within the silicides from the perimeter radially inward does however 
confirm earlier reports [3.4].  
 
 
 
 
 
(a) (b) 
100 µm 40 µm 
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In contrast to the end regions, the grain size and preferential orientation at the centre 
region do not enhance radially inward as illustrated in Figure 3.10, despite the fact 
that the Ta core is recrystallized as depicted in Figure 3.11. We ascribe this 
behaviour to the superior Si diffusion rate within the filament, due to the higher 
temperature at the centre. Consequently, silicidation occurs faster than the 
recrystallization/growth of Ta grains. Nevertheless, the concentration of Si available 
for silicidation is superior at the ends compared to the centre regions; the reason 
being the presence of Ta rich silicides at the latter. It is the inferior temperature 
and/or Si rich silicides at the end regions that hamper the in-diffusion of Si, 
consequently resulting in an inferior silicidation rate compared to the Ta 
recrystallization/ growth rate thereby providing increasing Ta grain sizes for 
silicidation radially inward.  
 
 
Figure 3.9: EBSD phase map of the filament cross-section shown in Figure 3.8. 
 
100 µm 
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Table 3.1: Ta-Si crystal structure data 
Phase Space group Prototype 
Ta Im3m W 
Ta2Si I4/m Al2Cu 
α-Ta5Si3 I4/mcm Cr5B3 
Ta5Si3 (metastable) P63/mcm Mn5Si3 
TaSi2 P6222 CrSi2 
Si Fd3m C (diamond) 
 
 
Figure 3.10: Grain orientation map of the α-Ta5Si3 phase. 
 
100 µm 
 
 
 
 
  Chapter 3 
76 
 
 
Figure 3.11: Grain orientation map of the Ta inner core at the centre regions of the 
filament. 
 
Figure 3.12 compares the XRD patterns recorded on the pure Ta-filament and the 
crushed ageing Ta-filaments. The XRD results complement the SEM and EBSD 
results by disclosing that the pure Ta-filament transforms into various silicides, 
depending on the region of the filament itself. At the ends Ta, Si and TaSi2 were 
detected, while more Ta-rich phases exist at the filament centre. Moreover, the 
intensities of the Ta(200) and Ta(211) peaks decreased giving way to a preferential 
Ta(110) and Ta(220) (~ 2θ = 38.5° and 82.4°, respectively) orientation, confirming the 
EBSD observation of the recrystallization of Ta. van der Werf et al. [3.5] reported in 
their XRD analysis on the formation of the Ta5Si3 phase with no observations of Ta 
peaks, despite SEM clearly showing a Ta-inner core with multiple silicide layers. We 
believe that to properly exploit XRD phase analysis it must be performed on crushed 
aged filaments.    
100 µm 
 
 
 
 
  Structural investigation of a Ta-filament by EBSD 
77 
 
 
Figure 3.12: XRD patterns of the pure Ta-filament and the crushed aged Ta-
filaments. 
 
Vickers hardness measurements were performed on the cross-sections of the 
filament. The calculated hardness values are based on the average of three 
measurements and a standard deviation of ~ 15 %; the values are reported in Table 
2. We believe that the difference in our hardness value for the metastable Ta5Si3 
phase may be related to its porous structure. The hardness of the Ta phase 
enhanced from 1.079 GPa (pure) to 2.354 GPa (aged) in both the centre and ends 
regions. Additionally, Figure 3.13 shows that no noticeable cracks emanated from 
the indentations on the Ta core, in contrast to the multiple cracks observed from the 
indentations on the silicides. This indicates that the Ta core is tougher than the 
silicides [3.9]. The presence of the recrystallized Ta therefore adds durability during 
synthesis at operational temperatures where sagging is usually observed.  
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However, it may be detrimental to the filament lifetime when the filament temperature 
is ramped-up to operational conditions or as the filament is cooled down to room 
temperature due to the different mechanical strengths and ductility of Ta and its 
silicides.  
 
Table 3.2: Hardness values of the filament compared to literature (where available). 
Phase Hardness 
(GPa) 
Literature  
(GPa) 
Ta (pure filament) 1.079 0.9 [3.10] 
Ta (recrystallized) 2.354 1.96 [3.10] 
Ta2Si 10.290 - 
α-Ta5Si3 16.200 11.77 [3.11] 
Ta5Si3 (metastable) 1.961 11.77-14.71 [3.10] 
TaSi2 9.268 9.2 [3.12] 
 
   
 
Figure 3. 13: Vickers hardness indentations in (a) the Ta core and (b) α-Ta5Si3 from the 
centre regions. 
(a) (b) 
10 µm 10 µm 
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The EBSD, SEM, EDS and XRD results indicate that the microstructural properties 
of the Ta filament vary throughout its length, which in turn determined its mechanical 
properties, ultimately influencing its operational lifetime and stability during 
deposition. These findings highlight the complex reactions occurring at the filament 
surface where dissociation, diffusion, desorption and adsorption of the SiH4/H2 gas 
mixture and recrystallization of Ta are all possible. Furthermore, these complex 
reactions may be directly linked to the presence of a thermal gradient along the 
filament length [3.4]. The operational lifetime of the filament under investigation 
amounted to about 15 hours and it appears that the persistence of the Ta core may 
be related to an increase in the difficulty for Si to diffuse through the silicides layers 
to react with the Ta.  
 
It may be pointed out that this filament was operated at 1600 C in a H2 rich ambient 
for nc-Si:H deposition and that the standard H2 pre- and post-treatments were 
performed [3.4]. Moreover, a heated Ta filament acts as an efficient source for the 
production of atomic hydrogen [3.13]. There may therefore be a possibility that 
hydrogen damage [3.14], i.e. porosity and cracks could also be caused by 
overexposing the filament to an atomic hydrogen/H2 rich ambient as proposed in 
literature to increase the filament lifetime [3.4].  
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3.4 CONCLUSION 
 
Various microbeam analysis-based investigations disclosed that a Ta-filament 
transforms into 4 different silicides encapsulated by a solid Si layer during the 
deposition of nc-Si:H thin films by HWCVD. SEM and XRD analysis; and EBSD 
concurred on the formation of the TaSi2 and Si phases around a Ta core at the 
filament ends, while the Ta2Si, TaSi2, α-Ta5Si3 and the metastable Ta5Si3 phases 
formed at the filament centre. The hardness measurements showed that the 
recrystallized Ta core is softer but tougher than its silicide layers. The microstructural 
evolution and degradation of the ageing filament were explained in terms of a 
thermal gradient along the length of the filament, variation of silicon content within 
the filament and differences in mechanical properties between Ta and its silicides. 
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CHAPTER 4 
 
 
GROWTH KINETICS OF nc-Si:H FABRICATED 
BY HWCVD 
 
ABSTRACT 
We report on the growth kinetics of hydrogenated nanocrystalline silicon, with 
specific focus on the effects of the deposition time and hydrogen dilution on the 
nano-structural properties. The increase in the crystallite size, attributed to the 
agglomeration of smaller nano-crystallites, is accompanied by a reduction in the 
compressive strain within the crystalline region and an improved ordering and 
reduction in the tensile stress in the amorphous network. These changes are 
intimately related to the absorption characteristics of the material. Surface diffusion 
determines the growth in the amorphous regime, whereas competing reactions 
between silicon etching by atomic hydrogen and precursor deposition govern the film 
growth at the high-dilution regime. The diffusion of hydrogen within the film controls 
the growth during the transition from amorphous to nanocrystalline silicon.  
 
 
 
 
 
 
 
  Chapter 4 
84 
 
4.1 INTRODUCTION 
 
Hydrogenated amorphous silicon (a-Si:H) is an important material in modern 
electronic devices such as solar cells and thin film transistors. Currently, the focus 
has shifted towards hydrogenated nanocrystalline silicon (nc-Si:H) as a possible 
replacement for a-Si:H, due to its unique properties, e.g. tailored optical band gap 
[4.1] and superior resistance to photo-induced degradation [4.2]. The growth process 
and structure-property relationship of nc-Si:H dates back to 1989 [4.3] and has been 
the centre of numerous studies, as they would assist in the enhancement of growth 
rates and film properties. A need also exist for developing the synthesis of device 
quality nc-Si:H at low substrate temperatures as it would promote the use of flexible 
substrates.  
 
This contribution presents an investigation into the effects of hydrogen (H)-dilution 
and deposition time on the evolution of the nano-structural properties and the 
absorption characteristics of nc-Si:H  synthesized by hot-wire chemical vapour 
deposition (HWCVD) at a substrate temperature of 200 °C. Subsequently, growth 
mechanisms are deduced from the observations for each H-dilution regime.  
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4.2 EXPERIMENTAL DETAILS 
 
The thin films were simultaneously deposited on single-side polished (100) 
crystalline silicon and Corning 7059 glass substrates using an ultra-high vacuum 
HWCVD system [4.4] from various gas mixtures of SiH4 and H2. The H-dilution ratio, 
defined as 
)(
42
2
SiHH
H
R



, where  denotes the gas flow rate, was varied from 80 
– 95 %. At each R-value, varying the deposition time from 10 – 60 minutes enabled 
control over the film thickness. During all depositions, the filament temperature, 
deposition pressure, substrate temperature and total gas flow rate were fixed at 1600 
°C, 60 bar, 200 °C and 30 sccm, respectively. 
 
The structural properties were investigated using a Jobin-Yvon HR800 micro-Raman 
spectrometer in backscattering geometry at room temperature in the region 100 – 
1000 cm-1, using an excitation wavelength of 514.5 nm. X-ray diffraction (XRD) was 
performed using a PANalytical Xpert diffractometer at 2-values ranging from 5 – 
90, with a step size of 0.02. Copper K1 radiation with a wavelength of 1.5406 Å 
was used as the x-ray source. A FEI Helios focus ion beam scanning transmission 
electron microscopy (STEM) was used to prepare and image cross-sections of the 
films. The film-thickness was determined using a Veeco profilometer. Ultraviolet-
visible (UV-VIS) spectra were measured in transmission mode from 200 – 900 nm 
using a Perkin-Elmer LAMDA 7505 UV/VIS spectrophotometer. The absorption 
spectra were calculated using the method proposed by Swanepoel [4.5]. 
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4.3 RESULTS  
 
Figure 4.1 (a) and (b) present the XRD patterns, highlighting the variations in the film 
crystallinity as a function of deposition time and H-dilution. After the first 10 minutes 
of deposition, the emergence of the Si (111) diffraction peak occurs at a H-dilution of 
95%. After 60 minutes, the Si (111) diffraction peak is visible at R-values  83%. In 
all cases the peaks are shifted to higher 2θ values, i.e. decrease interplanar spacing 
(compression). This suggests that the crystalline evolution, and hence the growth 
process, of nc-Si:H is dependent not only on the H-dilution, but also on the 
deposition time. The enhancement of the Si (111) peak intensities and the reduction 
of its full width at half maximum (FWHM) with increasing H-dilution and deposition 
time indicate an increased crystalline volume fraction and a growth in the Si nano-
crystallite size, respectively. The presence of lattice strain, nano-sized crystallites 
and instrumental effects are commonly the main contributors to the peak broadening 
in an XRD spectrum [4.6] and has generally been overlooked, especially for nc-Si:H 
[4.7]. For accurate quantitative analysis; polycrystalline silicon and a NIST SRM 660 
LaB6 reference samples were used to obtain the corrected 2-peak position and the 
instrumental broadening, respectively. The crystallite size dXRD of the Si (111)-peak 
was then calculated from the Scherrer formula: 



cosB
.
d
structure
XRD
90
     (4.1) 
where Bstructure is the structural broadening calculated from the measured FWHM of 
the raw spectrum and that of the LaB6 reference by: 
referencemeasuredstructure BBB      (4.2). 
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The contribution of the lattice strain  to the peak broadening was calculated from: 
 tanBstrain ε4      (4.3) 
where 
222
referencemeasuredstrain BBB   [4.6].  
 
Figure 4.1c shows the crystallite size-strain analysis of the Si (111) peak at different 
hydrogen dilutions and deposition times. It is evident that the growth in crystallite 
size is associated with a reduction in the compressive strain of the Si crystallites.  
  
 
 
Figure 4.1: XRD spectra of the samples deposited at different H-dilutions for (a) 10 
minutes and (b) 60 minutes. (c) Size-strain analyses of samples deposited at 
different H-dilutions and deposition times. 
(a) (b) 
(c) 
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Figure 4.2 presents STEM images of the film cross-section of the nc-Si:H thin film 
deposited at 90%. Noticeable is the characteristic conical growth of crystalline 
regions indicating an enhancement in the crystallinity as the film become thicker. The 
STEM images also reveal the presence of twinned crystals. Figure 4.3 shows a 
series of secondary electron images; each image is taken at intervals of 4 nm 
“slices” into the film. The voids are prevalent along the boundary between the 
amorphous and crystalline regions.   
 
 
 
 
 
 
 
 
Figure 4.2: STEM images in (a) bright field and (b) dark field modes. (c) and (d) are 
higher magnification images.  
 
 
nc-Si:H 
500 nm 500 nm 
100 nm 100 nm 
a-Si 
nc-Si 
twinning 
(a) (b) 
(c) (d) 
Si (100) 
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Figure 4.3: Series of secondary electron micrographs of the nc-Si:H film (R = 90%) taken 
at each interval consisting of 4 nm slices into the sample showing the 
locations of voids. 
 
 
 
nc-Si:H 
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Figure 4.4 (a) and (b) compares the Raman spectra of the thin films deposited for 10 
and 60 minutes at various H-dilutions. The spectra display the following main 
features: (i) a sharp peak centred around 516 cm-1, associated with the transverse 
optic (TO) mode of the nc-Si phase; (ii) the broad shoulder centred around 480 cm-1, 
due to the TO-mode of the amorphous silicon (a-Si) phase; and (iii) a smaller 
shoulder around 505 cm-1, corresponding to the distribution of crystalline grain 
boundaries in the sample. The appearance of the nc-Si TO-peak at R  83 % signals 
the nucleation of smaller Si nano-crystallites within the a-Si matrix after 10 minutes 
of deposition, which is undetectable with XRD. It should be noted that Raman 
spectroscopy is more sensitive to short-range order than XRD.  
 
The crystalline volume fraction (fc) was estimated from the integrated areas of the 
afore-mentioned deconvoluted Gaussian peaks (505 cm-1 and 480 cm-1) and a 
Lorentz peak (516 cm-1): 
 
480516505
516505
AAA
AA
f c


     (4.4) 
 
The crystallite size is empirically determined from the shift of the nc-Si TO-peak 
relative to the bulk c-Si peak at 520 cm-1 [4.8]. Caution should be exercised when 
using this relation, since the shift in the 520 cm-1 peak can also be associated with 
changes in the stress; and therefore the values should not be taken as absolute 
[4.9].  
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Figure 4.4 (c) and (d) show that the crystalline volume fraction increased and 
saturates after 20 minutes, while the crystallite size varied slightly (~ 1 nm) with 
increasing H-dilution and deposition time, which is contrary to previous studies 
[4.10]. Therefore, an increase in H-dilution and deposition time induces an enhanced 
nucleation rate of silicon nano-crystals. The peak position of the a-Si TO-peak shifts 
to higher wavenumbers with an increase in H-dilution and time, which is indicative of 
an enhancing compressive strain within the a-Si network [4.11].  
 
 
 
 
 
 
 
 
Figure 4.4: Raman spectra of the samples deposited at different H-dilutions for (a) 10 
minutes and (b) 60 minutes. (c) Average crystallite size and (d) crystalline 
volume fraction of the samples as a function of H-dilution and deposition time. 
(a) (b) 
(c) (d) 
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The main factors that influence the absorption characteristics of nc-Si:H includes the 
quantum confinement effect due to the nano-crystallite size [4.1], film stress [4.12], 
hydrogen concentration and distribution, and microvoids [4.13]. Presented in Figure 
4.5 is the spectral absorption dependence of the samples deposited for 60 minutes 
as a function of H-dilution. A systematic reduction in the absorption coefficient is 
evident with increasing H-dilution, which is attributed to the indirect transitions, 
characteristic of nc-Si:H with a large crystalline volume fraction.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Absorption coefficient spectra of the samples deposited for 60 minutes. 
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The XRD and Raman results reveal that the structural order of both the a-Si and nc-
Si regions within the films varies with H-dilutions and deposition time, i.e. there may 
be different growth mechanisms at work depending on the deposition regime. Since 
the growth of nc-Si:H are governed by reactions at the substrate, plotting the film 
thickness (df) as a function of time at different H-dilutions can reveal if the growth 
process is surface controlled or diffusion controlled. Figure 4.6 shows the film 
thickness as a function of deposition time at various H-dilutions. A linear growth rate 
occurs at R = 80 and 95 %, which suggests that the reactions at the surface of the 
thin film controls film growth within this regime. Conversely, when the film undergoes 
transformation from a-Si:H to nc-Si:H (R = 83 – 90%) the growth follows a parabolic 
law, suggesting a diffusion-based growth. 
 
 
 
 
 
 
 
 
Figure 4.6: Growth kinetics of the a-Si:H and nc-Si:H thin films at different H-dilutions. 
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4.4 DISCUSSION  
 
The increase of crystallite size observed in XRD can be attributed to the 
agglomeration of smaller nano-crystallites into larger crystallites, accompanied by 
the removal of strained Si-H bonds from the grain boundaries, and the nucleation of 
smaller crystallites, not necessarily detectable by XRD. This results in the growth of 
the crystallite size and an increase in the crystalline volume fraction with increasing 
deposition time or film thickness, also reported by Wronski et al. [4.14].  
 
The shift in 2θ values to higher values compared to monocrystalline silicon indicates 
a decrease in the interplanar distance which may indicate compression. The size-
strain analysis suggests that larger Si crystallites ( 12 nm) are under compressive 
stress, attributed to the surrounding a-Si network that is initially under tensile stress. 
The combined effects of these two types of stresses then determine the total film 
stress [4.12]. Therefore the reduction in compressive strain in the Si nano-crystallites 
can be associated with an improvement in the ordering and a reduction in the tensile 
stress in the surrounding a-Si network. Tensile stress in nc-Si:H originates from the 
removal of H from grain boundaries, coalescence of crystallites and the presence of 
microvoids [4.13], which are characteristic for these films [4.1].  
 
Three schools of thought have been receiving the most attention to date for a 
possible growth mechanism, i.e. the atomic hydrogen (H•)-etching model [4.15], the 
surface diffusion [4.16] and the chemical annealing model [4.17]. The H•-etching 
model entails the selective etching of the a-Si phase by H•, while the surface reaction 
models suggest an increased mobility of Si-containing radicals on an H-terminated 
surface until it finds energetically favourable sites to grow. The chemical annealing 
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model claims that exothermic recombination of H• to from molecular hydrogen (H2) 
and the insertion of H into strained bonds serves as energy for the rearrangement of 
the Si-network or crystal nucleation.  
 
Yang et al. [4.18] performed in situ spectroscopic ellipsometry to analyse the 
microstructure of an a-Si:H / microcrystalline silicon (μc-Si:H) interface. They found 
that H• penetrates the surface of the a-Si:H layer and increases its H-content. 
Subsequently, a μc-Si:H layer nucleates on top of a high H-content a-Si:H layer. The 
μc-Si:H layer then grows at the expense of the underlying high H-content a-Si:H 
layer. Reduced levels of H-coverage on the surface and the low substrate 
temperature suggests that the surface diffusion of Si-species may determine the 
growth at R = 80 %. Increasing the H-dilution ratio to 83 – 90% implies an increase in 
the H• concentration, subsequently leading to the diffusion of H• into the a-Si:H 
network where reconstruction and ordering occurs. This leads to the in-diffusion of H• 
as being the governing factor in film growth at these conditions. At 95 %, extreme 
levels of H•-etching exists. In conjunction with a superior flux of H•, competing rates 
of H•-etching and Si deposition at the surface becomes the dominating step for film 
growth at this regime of deposition.  
 
The origin of voids in the nc-Si:H thin film is tentatively attributed to the H•-assisted 
reconstruction by etching and chemical annealing of the film during growth, as also 
suggested by Luysburg et al. [4.19]. The exact origin and evolution of the microvoids 
and twins will be determined in future studies.  
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4.5 CONCLUSION 
 
The growth process of nc-Si:H during HWCVD was interpreted in detail as a function 
of deposition time and H-dilution. The increase in the Si crystallite size was attributed 
to the agglomeration of smaller nano-crystallites into larger crystallites, accompanied 
by the removal of strained Si-H bonds from the grain boundaries, and the nucleation 
of smaller crystallites, undetectable by XRD. The growth in crystallite size is 
associated with a reduction in compressive strain in the Si nano-crystallites and is 
due to an improved ordering and a reduction in the tensile stress in the surrounding 
a-Si network. The reduction in the absorption coefficient with increasing H-dilution is 
ascribed to the indirect transitions, characteristic of nc-Si:H with a large crystalline 
volume fraction. At R = 80 % the film growth was determined by surface diffusion of 
growth species, while at R = 95 % the growth was due to competing H•-etching 
effects and Si deposition. The growth-controlling step at the transition regime was 
determined to be the diffusion of H• within the film.  
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CHAPTER 5 
 
 
NANOSTRUCTURAL, MECHANICAL AND 
OPTICAL PROPERTIES OF nc-Si:H THIN FILMS 
DEPOSITED BY HWCVD AT HIGH PRESSURES 
 
ABSTRACT 
This contribution reports on the correlation between the nanostructural, mechanical 
and optical properties of hydrogenated nanocrystalline silicon thin films deposited by 
hot-wire chemical vapour deposition at high process pressures. Raman 
spectroscopy reveals that the films are mixed phased containing both crystalline and 
amorphous silicon. Atomic force microscopy, infrared spectroscopy and scanning 
electron microscopy disclose that the films are composed of voids and particulate 
regions with dimensions similar to that of the crystallite size, as calculated from x-ray 
diffraction. The particulate regions coalesce and enlarge at longer deposition times, 
accompanied by a reduction in the size of the void regions. Throughout the 
progression of the film growth; the presence of the voids, the stress, and crystallite 
size and volume fraction govern the optical band gap and the refractive index. The 
substrate effects on the nanocrystalline silicon thin films, prevalent especially at film 
thicknesses below 150 nm, are also highlighted. 
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5.1 INTRODUCTION 
 
Hydrogenated nanocrystalline silicon (nc-Si:H) has received much research interest 
due to its potential applications in thin film transistors (TFTs) [5.1] and solar cells 
[5.2]. A number of deposition techniques have been applied to deposit nc-Si:H thin 
films, including plasma-enhanced chemical vapour deposition (PECVD) [5.3] and 
hot-wire chemical vapour deposition (HWCVD) [5.4]. The HWCVD technique has 
been identified as a viable alternative to the industrially developed PECVD, due to its 
superior growth rates [5.5], relatively simple scale-up [5.6] and absence of ion 
bombardment during the synthesis. The ability to synthesize nc-Si:H at low substrate 
temperatures (< 200 °C) also opens the possibility of integration of nc-Si:H with 
polymeric materials [5.7]. 
 
During the HWCVD of nc-Si:H the precursor gases are dissociated at a heated 
filament, which leads to the generation of different radical species. Subsequently, 
these reactive species undergo secondary gas-phase reactions that eventually, at 
the desired deposition conditions, adsorb onto a substrate to grow into nc-Si:H thin 
films. The interconnection between the deposition parameters; such as the chamber 
geometry, filament temperature, gas composition, deposition pressure, filament-to-
substrate distance and substrate temperature; plays a critical role in determining the 
eventual film properties [5.8]. Consequently, there exists an optimized deposition 
regime unique to each HWCVD reactor. The pursuit in understanding the growth of 
nc-Si:H films based on the deposition conditions, is thus on-going.  
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Compared to the numerous studies on the role of hydrogen dilution during the 
HWCVD of nc-Si:H, there have been limited investigations into the influence of the 
deposition pressure (PDEP) on the material’s nanostructural and optical properties, 
especially at high deposition pressures (≥ 60 μbar) and low substrate temperatures. 
Nevertheless, valuable insights into the growth of nc-Si:H were gained through these 
studies, for example the transition from amorphous silicon to microcrystalline silicon 
at a certain deposition range without H-dilution [5.9], variation in crystalline volume 
fraction [5.10] and film growth rate. The structural properties of nc-Si:H has an 
important impact on its optical properties and eventual device characteristics. In this 
contribution, we present our findings on the influence of the deposition time and 
pressure on the nanostructural, mechanical and optical properties of nc-Si:H thin 
films deposited by HWCVD from a silane and hydrogen gas mixture.  
 
5.2 EXPERIMENTAL DETAILS 
 
5.2.1 Thin film deposition 
 
The nc-Si:H thin films were deposited by the HWCVD process simultaneously on 
Corning 7059 glass and <100> c-Si wafers at a fixed substrate temperature of 200 
°C. A detailed description of the HWCVD system is provided elsewhere [5.11, 5.12]. 
A constant mixture of 1.5 sccm silane (SiH4) and 28.5 sccm hydrogen (H2) were 
used as precursor gases. The tantalum filament (length 1 m and Ø 300 µm) was 
heated to a temperature of 1600 °C and prepared in accordance with the 
suggestions proposed by Knoesen et al. [5.11]. The deposition pressure was varied 
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at 60, 80 and 100 μbar. For each deposition pressure, the deposition time was also 
varied at 10, 20 and 60 minutes. 
 
5.2.2 Characterization 
 
The thickness and the stress of the nc-Si:H films were determined by a Taylor stylus 
profilometer. The film stress (σ) was assessed from changes in the curvature of the 
bare Corning 7059 substrate and that of one with a thin film on it, using Stoney’s 
equation [5.13]. The fixed contribution of the thermal stress, i.e. the mismatch 
between the thermal expansion of the film and the substrate, was determined from 
the information for crystalline silicon and the linear expansion coefficients for 
microcrystalline silicon reported by Takimoto et al. [5.14]. The thermal stress 
amounted to 0.1 GPa and was subtracted from the film stress, as estimated from the 
deflection measurements.  
 
Raman spectra were recorded in backscattering geometry in the region 100 – 800 
cm-1 with a spectral resolution of 0.4 cm-1, using a Jobin-Yvon HR800 micro-Raman 
spectrometer operated at an excitation wavelength of 514.5 nm. The power of the 
Raman laser was kept below 5 mW to avoid laser induced crystallisation. The 
Raman spectra were deconvoluted in the range 400 – 540 cm−1 into a sharp peak 
centred at ~ 517 cm-1 (c-Si transverse optical mode), broad band at ~ 480 cm-1 
(amorphous Si transverse optical mode) and ~ 505 cm-1 (grain boundary 
contribution). The crystalline volume fraction, 
480517505
517505
AAA
AA
fc ++
+
= , was 
estimated from the integrated areas of the aforementioned peaks [5.15]. The 
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crystallite size (dRaman) was empirically calculated from ωΔπ
1-cmdRaman
22= , 
where Δω is the peak shift of the 517 cm-1 peak relative to the crystalline silicon (c-
Si) peak [5.16]. X-ray diffraction (XRD) patterns were obtained in reflection geometry 
at 2θ-values ranging from 10° to 90° with a step size of 0.02° using a PANalytical 
Xpert diffractometer operated at 45kV and 40 mA. Cu Kα line (λ = 1.54056 Å) was 
the X-ray source. Polycrystalline silicon and a NIST SRM 660 LaB6 reference sample 
were used to obtain the corrected 2θ-peak position and the instrumental broadening, 
respectively. The average volume-weighted domain size was estimated from the 
Scherrer formula, 
θ
λ
cos
9.0
STRUCTURE
XRD B
d = , where BSTRUCTURE is the structural 
broadening calculated from the measured FWHM of the  raw spectrum and that of 
the LaB6 reference. The lattice strain / distortion ε was calculated from 
θε tan4=STRAINB  where 
222 - REFERENCEMEASUREDSTRAIN BBB = [5.17].  
 
Three dimensional (3D) topography images of at least three random areas of the nc-
Si:H thin films were collected  using a Veeco NanoScope IV Multi-Mode atomic force 
microscope (AFM) in tapping mode with a tip diameter of ~ 10 nm. Cross-sectional 
scanning electron microscopy (SEM) micrographs were recorded using a LEO 1525 
field emission gun SEM operated at an accelerating voltage of 5 kV. Fourier 
transform infrared (FTIR) absorption spectra were collected in transmission 
geometry from 400 to 4000 cm-1 at a step size of 1 cm-1 using a Perkin-Elmer 
Spectrum 100 FTIR spectrophotometer. Optical transmission spectra were 
measured using a CARY 1E UV/VIS spectrophotometer in the range 200 – 900 nm 
with a spectral resolution of 1 nm. The refractive index and absorption coefficients 
were calculated by employing the effective medium approximation model [5.18]. 
 
 
 
 
  Chapter 5 
104 
 
5.3 RESULTS 
 
5.3.1 Nanostructural properties 
 
Raman spectroscopy is the established technique used to identify and quantify the 
mixed-phase, nanostructural properties of nc-Si:H. Fig. 5.1a shows a typical Raman 
spectrum for nc-Si:H deposited at 80 μbar; similar spectra were observed for  60 and 
100 μbar. The mixed-phase is apparent by the presence of the characteristic nc-Si 
peak at ~ 517 cm-1 and the a-Si TO-peak at 480 cm-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: (a) Typical deconvoluted Raman spectrum at PDEP = 80 μbar, deposition 
pressure and time effects on (b) the crystallite size, (c) crystalline volume 
fraction and (d) HWHM of the a-Si TO peak. 
 
(a) 
(d) 
(b) 
(c) 
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Contrary to the results reported by Bakr et al. [5.19], the crystallite size increases 
with an increasing deposition pressure and decreases with longer deposition times 
(see Fig. 5.1b) at PDEP ≥ 80 µbar. The value of the crystalline volume fraction and its 
variation with deposition time were similar from 60 to 80 µbar during the first 60 min 
of deposition. On the other hand, fC decreases from 10 to 20 min at a deposition 
pressure of 100 µbar and interestingly increases to converge to a similar crystalline 
volume fraction compared to lower deposition pressures at 60 min.  
 
The enhancement in the crystallinity of the sample occurs simultaneously with a 
decrease in the half-width-at-half-maximum (/2) of the a-Si TO-peak, i.e. an 
enhanced short range ordering within the a-Si network [5.20]. The films deposited at 
pressures ≥ 80 μbar displayed superior ordering within the a-Si network relative to a 
deposition pressure of 60 μbar. Raman spectroscopy therefore reveals that there is a 
direct relationship between the variation of the crystalline volume fraction and the 
structural order within the a-Si network.  
 
Raman spectroscopy provides information pertaining to the short range ordering 
(SRO) of the film [5.20]. Due to the superior penetration depth of x-rays, XRD was 
therefore used as a complementary technique to Raman spectroscopy to probe the 
medium range ordering (MRO) of the nc-Si:H thin films. Presented in Fig. 2 are XRD 
patterns (vertically offset for clarity) of the nc-Si:H thin films at 80 and 100 µbar. After 
60 min the XRD patterns displayed three orientations consisting of a dominating 
<111> orientation and relatively weaker intensities in the <220> and <311> 
orientations superimposed on a broad peak at ~ 2θ = 26°, ascribed to the Corning 
glass substrate.  
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Figure 5.2: XRD patterns of the nc-Si:H films as a function of deposition time at 80 and 
100 μbar.   
 
The peak intensities enhance with longer deposition times for pressures ≤ 80 µbar 
indicating an increase in the crystallinity within the films. However, at 100 µbar the 
crystallinity initially decreases from 10 to 20 min and then increases until 60 min as 
deduced from the XRD peak intensities, similar to the behaviour of fC determined 
from Raman spectroscopy. Table 5.1 summarizes the average crystallite size and 
lattice strain analysis determined from the XRD patterns. The XRD results show that 
the crystallite size of Si <111> orientated crystallites increases and their 
corresponding lattice strain decreases with longer deposition time and increasing 
deposition pressure. These values are interpreted as upper bounds of a crystallite 
size distribution [5.21] and will therefore be greater than that determined from 
Raman spectroscopy.  
 
 
 
 
                Nanostructural, mechanical and optical properties of nc-Si:H synthesised at high pressures 
107 
 
Table 5.1: Average crystallite size and lattice strain at 60, 80 and 100 μbar for different 
deposition times. 
Deposition time 
(min) 
PDEP 
(µbar) 
dXRD (nm) ε 
(%) 
 60   
10  29.8 0.63 
20  31.5 0.58 
60  36.0 0.55 
 80   
10  30.4 0.63 
20  43.2 0.49 
60  51.2 
 
0.43 
 
 100   
10  35.7 0.56 
20  45.2 0.46 
60  63.1 0.37 
 
FTIR spectroscopy is the established technique used to probe the Si-H bonding 
configuration and to calculate the total bonded hydrogen (H) content in nc-Si:H and 
related materials. Figure 5.3 shows a typical FTIR absorption spectrum for the nc-
Si:H film deposited at 80 μbar for 60 min. Three Si-Hx absorption regions can be 
distinguished: 600 – 750 cm-1 due to Si-Hx wagging, 850 – 880 cm
-1 corresponding to 
Si-H2 bending, and 1900 – 2150 cm
-1 due to Si-Hx stretching [5.22].  
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The Si-Hx stretching bands can be further subdivided into two peaks at ~ 2000 cm
-1 
assigned to the Si-H groups in the a-Si tissue, and at ~ 2100 cm-1 attributed to the 
Si-H or SiH2 on crystalline surfaces and / or voids [5.22, 5.23]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Typical FTIR spectrum of a nc-Si:H film deposited at 80 μbar for 60 min. The 
inset shows the deconvolution of the peaks within the Si-Hx stretching modes. 
 
The bands at 920 - 1250 cm-1 are allocated to the asymmetric Si-O-Si stretching 
vibration [5.24], while the 2250 cm-1 band is associated to the OxSi-Hy vibration 
[5.25]. The oxygen-related vibrations are present in all the deposition pressure 
ranges investigated in this study; indicating that the nc-Si:H films are oxidized. Figure 
5.4 shows an XPS elemental depth profile; disclosing that the O-content is mostly on 
the film surface and decreases to less than 5 at.% within the film bulk.  
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Figure 5.4: XPS depth profile showing the atomic concentrations of Si, O and C within the 
nc-Si:H films deposited at 80 μbar for 60 min. 
 
The total bonded H-content was estimated from the integrated absorption of the 640 
cm-1 band using procedures proposed by Brodsky et al. [5.26] and Maley [5.27]. To 
quantify the fraction of H bonded on the surface of the nano-crystallites and / or 
voids relative to that bonded in the a-Si tissue, we define a structure factor RS as 
[5.28]: 
20002100
2100
+
=
II
I
RS
, 
where I denotes the integrated intensity of each 
decomposed peak. Figure 5.5 shows the plots of the total bonded H and the RS 
values as a function of deposition time at different pressures. At the first 10 min, the 
H concentration is superior in nc-Si:H deposited at 60 and 80 μbar amounting to 2.8 
at.% and 4.0 at.%, respectively compared to the film deposited at 100 μbar.  
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Figure 5.5: (a) Total bonded H and (b) structure factor as a function of deposition time 
and pressure.  
 
Regardless of the different H-contents, more than 90 % of the H was bonded to the 
nanocrystalline surface and / or voids at 10 min across all the deposition pressures. 
Subsequently at 20 min the H-content drastically decreased for PDEP ≤ 80 μbar, 
whereas it increased during the same time at 100 μbar. At 60 minutes the H-content 
enhances across all deposition pressures.  
 
The percentage of H bonded to the nano-crystallites and / or voids decreased at 20 
min for PDEP ≤ 80 μbar reaching values of ~ 85 % and ~ 60 % at 60 μbar and 80 
μbar, respectively. Afterwards, the RS value recovers to values ranging between 88 
to 90 % at 60 min. In contrast, at 100 μbar the H bonded to the nano-crystallites 
surface and / or voids enhanced slightly at 20 min to ~ 95 %, subsequently 
decreasing afterwards to ~ 66 % at 60 min.   
 
 
 
(b) (a) 
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5.3.2 Film Stress  
 
Fig. 5.6 shows the film stress for nc-Si:H thin films as a function of deposition time 
and pressure. At 10 min, the films exhibit tensile stress that decreased in magnitude 
at 20 min, and even switched over to compressive stress at pressures ≤ 80 µbar. 
Subsequently, the film stress becomes tensile ultimately reaching similar values at 
60 min. The magnitude of film stress compares well with that typically reported for 
microcrystalline silicon thin films deposited by PECVD [5.29].  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: Film stress as a function of deposition time and pressure. 
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5.3.3 Morphology 
 
Fig. 5.7 presents 3D AFM surface topography of nc-Si:H thin films at 80 μbar 
showing that significant microstructural changes occur with varying deposition time. 
The film surface consists of particles with a diameter range of ~ 36 nm (standard 
deviation 14 nm) at 10 min that coalesce to form larger clusters with sizes ranging 
from ~ 65 nm (standard deviation 25 nm) at 60 min, roughly corresponding to the 
crystallite size determined from XRD (see Table 1).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: 3D AFM topography images of films deposited at 80 μbar as a function of 
deposition time (scan size: 1μm by 1 μm). 
10 min 20 min 
60 min 
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Fig. 5.8 shows SEM micrographs of the film cross-sections as a function of 
deposition time at 80 μbar and 100 μbar. During the first 20 min, the film displays a 
porous, columnar structure with boundaries between particulate areas extending 
from the substrate to the film surface as indicated by the arrows in Figure 5.8a. 
However, at 60 minutes a reduction in the width of the boundary regions occurred 
with an increase in the particulate size. The difference in the average particulate size 
and shape was enhanced at 100 μbar.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8: SEM micrographs of the film deposited at: 80 μbar for (a) 20 min, (b) 60 min 
and at 100 μbar for (c) 20 min and (d) 60 min. 
 
 
 
(c) (d) 
100 nm 100 nm 
(a) (b) 
200 nm 200 nm c-Si  
nc-Si:H  
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5.3.4 Optical Properties 
 
Fig. 5.9 presents the variation in the optical band gap E04, expressed as the energy 
where the absorption coefficient = 104 cm-1, as a function of fc. The band gap 
increases monotonically with the crystalline volume fraction, similar to the results 
reported by Waman et al. [5.9]. Table 5.2 compares the static refractive index n0 in 
relation to the film stress at different deposition pressures and time. During the first 
20 min a reduction in the magnitude of the tensile stress results in an increase in the 
refractive index at pressures ≤ 80 µbar. Since n0 is related to film density, this implies 
that the film becomes denser. Afterwards, the compressive stress reduces and finally 
switches over to tensile stress again, which enhances until 60 min accompanied by a 
decrease in n0. At 100 µbar the film tensile stress reduces in magnitude which leads 
to a decrease in n0 until 60 min.  
 
Figure 5.9: Variation of the optical band gap with the crystalline volume fraction at various 
deposition pressures. 
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Table 5.2: Variation in the static refractive index versus the film stress 
Dep. Time 
(min) 
σ60µbar 
(GPa) 
n60µbar σ80µbar 
(GPa) 
n80µbar σ100µbar 
(GPa) 
n100µbar 
       
10 1.06 2.88 1.86 3.13 2.76 3.13 
20 -1.33 3.30 -0.450 3.16 0.560 2.96 
60 0.750 2.86 0.560 2.88 0.601 2.81 
 
 
5.4 DISCUSSION 
 
Relating the HWCVD conditions to the nanostructural, morphological, mechanical 
and optical properties of the nc-Si:H is complex due to the simultaneous presence of 
nc-Si, grain boundaries, voids, a-Si, different S-H bonding configurations and oxygen 
within the films.  
 
Initially, all the nc-Si:H films are under tensile stress. The magnitude of the tensile 
stress decreases with an increasing deposition pressure at 10 min. Due to the 
complex composite nature of nc-Si:H, the high values of the tensile stress (from 1 to 
3 GPa) can be attributed to various sources. In general, tensile stresses within thin 
films occur during growth when the neighbouring regions of ‘islands’ (crystallites or 
amorphous) coalesce [5.30, 5.31]. Specifically, two neighbouring crystallites 
elastically deform in order to replace the two grain free surfaces with a single grain 
boundary [5.31]. This can be visualized as a ‘zipping’ process between the grains, 
which can also result in the formation of voids. Tensile strain values then exists 
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between the crystallites, resulting in tensile stress. During the coalescence event, the 
resulting maximum stress is dependent on the crystallite sizes d (σmax α 1/d), 
implying that a stress of several GPa is possible when d < 10 nm [5.31]. Oxidation of 
the film after the deposition is a major concern for nc-Si:H films. XPS revealed that 
the surfaces (~ 2 – 10 nm) of the nc-Si:H films are oxidized. The interatomic 
distances of Si-O (1.65 Å) is shorter compared to that of Si-Si (2.35 Å) [5.32]. 
However, this does not cause significant compression stresses due to the inferior 
oxide thickness compared to the bulk. Extrinsic thermal stress can also cause large 
values of tensile stress within the film [5.30]. During the first 10 min, the different 
expansion coefficients between the very thin nc-Si:H films and substrate play a 
critical role on the film structure. The relatively thin nc-Si:H films are not able to cover 
the substrate and still maintain its structural integrity. Consequently, this results in 
the films being stretched on the substrate, causing voids and large values of tensile 
stress below deposition times of 20 min. The origin behind the superior tensile value 
for the film deposited at 100 μbar for 10 min is attributed to a higher void fraction. 
The higher void fraction is expected considering the high RS value and the reduced 
bonded H-content within the films at 100 μbar during the first 10 min. The large 
tensile stress values observed at 10 min are attributed to the small grain sizes of 
dRAMAN < 10 nm, the enhanced presence of voids and thermal stress. 
 
In all pressures regimes, the dRAMAN size decreases at 20 min. At the same time, the 
tensile stress within the film decreases, even becoming compressive at PDEP ≤ 80 
μbar. The reducing tensile stress results in a contraction of the crystallite 
dimensions, causing a reduction in the average crystallite sizes. The enhancing 
crystalline volume fraction and the increasing SRO (judged from the HWHM of a-Si 
 
 
 
 
                Nanostructural, mechanical and optical properties of nc-Si:H synthesised at high pressures 
117 
 
TO peak) at 20 min for PDEP ≤ 80 μbar indicates that smaller grains may have 
nucleated, which can also explain the observed reduction of the average crystallite 
size estimated by the Raman analysis.   
 
The FTIR analysis revealed that the bonded H content in the a-Si network becomes 
enhanced compared to that bonded on nano-crystallite surface and / or voids at 20 
min for PDEP ≤ 80 μbar. Combined with the expanding larger crystallites as seen from 
the XRD analysis (see Table 5.1), this leads to a densification of the a-Si tissue, 
eventually counteracting the tension caused by coalescence and growth of the 
crystallites. The ordering within the a-Si network improves as shown by the reduction 
in the HWHM of the Raman a-Si TO peak (see Figure 5.1). The appearance of the 
compressive stress in the nc-Si:H thin films is therefore attributed to the densification 
of the a-Si tissue and the subsequent ordering within the a-Si network, which results 
in a more coordinated, continued bulk film structure as shown by the XRD and SEM 
analysis. Considering that the H-content decreased significantly at 20 min for PDEP ≤ 
80 μbar, another possibility for the generation of compressive stress within the nc-
Si:H films can be based on a recent in situ XRD study performed by Sharma et al. 
[5.33] on the crystallization kinetics of a-Si:H films. It was found that in highly 
disordered a-Si:H films, the collapse of nano-voids occurs subsequent to the out-
diffusion of H leading to a more compact structure [5.33]. In our case, the growing 
crystallites can also exert pressure on the void rich a-Si network, aiding in the 
collapsing of the voids within the a-Si tissue.  
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At 100 μbar the a-Si network experienced a reduction in its SRO and a slight 
increase in H-content at 20 min. However, most of the H (~ 95 %) was found to be 
bonded to the surface of the crystallites and / or voids, indicating a more defective a-
Si tissue. Moreover, considering that the H-content increased slightly at 20 min for 
100 μbar, this would minimize the collapse of nano-voids [5.33]. As a result, the a-Si 
was not as dense compared to lower pressures and the nc-Si:H deposited at 100 
μbar for 20 min did not show compressive stress, despite the reducing film tensile 
stress compared to 10 min.   
 
After 60 min of deposition, the film stress became tensile again. Floro et al. [5.31] 
observed a similar trend in a-Si film stress as a function of time, i.e. tensile, then 
compression and then tensile again. Using high-resolution transmission electron 
microscopy, they found that nanovoid tracks developed in the thickening a-Si films, 
which was proposed to be the cause of the final tensile stress. Smith et al. [5.34] 
applied non-equilibrium molecular dynamics to study the relationship between the 
structure and growth of thin films and found that voids are formed due to surface 
roughness and shadowing effects. Specifically, atoms depositing at the top regions 
of protruding surface features experience attraction towards each other, leading to 
the creation of outgrowths with voids underneath. Based on the AFM analysis and on 
the findings of Floro et al. [5.31] and Smith et al. [5.34]; the tensile stresses at 60 min 
are attributed to shadowing effects and subsequent void formation caused by the 
roughening nc-Si:H surfaces. 
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Further insights into the thin film growth process can be deduced from studying the 
relationship between the film thickness (d) and the root-mean-square roughness (δ) 
calculated from the AFM images [5.35, 5.36]. According to fractal analysis, the film 
thickness scales with the roughness via the relation δ ~ dβ, where β is the dynamic 
scaling exponent. Fig. 5.10 presents the variation of δ as a function of d at various 
deposition pressures. At PDEP ≤ 80 μbar, linear fits reveal that β ≈ 0.4 ± 0.05, 
indicative of random deposition [5.35], which is the cause of the relatively inferior 
medium range ordering at these conditions. The random deposition based surface 
reactions are therefore responsible for the linear growth mechanism observed for nc-
Si:H deposited at 60 µbar in Chapter 4. Moreover, the random deposition processes 
at PDEP ≤ 80 μbar favours the shadowing effect during the deposition, which can lead 
to the generation of voids and consequently tensile stress at longer deposition times. 
 
 
 
 
 
 
 
 
Figure 5.10: Variation in δ and film thickness at different PDEP. Root-mean-square roughness 
is within 5 % standard deviation. 
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However, at 100 μbar β ~ 0.28 ± 0.01, which points to finite diffusion, i.e. radicals 
that arrive at the growth surface will diffuse around until they settle at energetically 
favoured sites. The decrease in β with an increase in deposition pressure is contrary 
to the results reported by Gu et al. [5.36]. We attribute this to the higher deposition 
pressures used in this study. A higher concentration of atomic hydrogen is expected 
to be prevalent at higher deposition pressures, which covers the growing surface 
more efficiently, thereby promoting surface diffusion [5.37], and is more favourable 
for medium range ordering and reduced lattice strain. Moreover, the creation of 
hydrogen containing radicals due to enhanced secondary reactions is favoured at 
elevated pressures [5.8, 5.38]. These radicals have a lower sticking coefficient than 
Si (prevalent at lower deposition pressures) which will contribute to a lower β value 
[5.39].   
 
The observed widening of the optical band gap with a growth in the crystalline 
volume fraction was also observed by Waman et al. [5.9], who ascribed it to the 
presence of tensile stress, i.e. increased Si-Si bonding distances. However, our 
results show that the optical band gap increased despite the presence of 
compressive stress at 20 minutes. Given the fact that the average crystallite size as 
probed by Raman spectroscopy decreased at 20 min while the crystallite volume 
fraction increased, opens up the possibility of the nucleation of smaller, undetectable 
crystallites. The presence of these nano-sized crystallites results in the widening of 
the optical band gap due to the quantum confinement effect [5.3, 5.28].  
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The static refractive index is an indication of the film density. At 20 min the film 
density increased due to the decreasing tensile stress (compression). However, as 
the films become more roughened, voids can form due to shadowing effects, 
ultimately inducing tensile stress and an optically less dense material at 60 min.  
 
The deposition pressure influenced the film structure, mechanical and optical 
properties at film thickness below 250 nm. Interestingly, at 60 min the films displayed 
almost similar crystalline volume fractions, film stress, optical band gap and static 
refractive indexes for the entire deposition pressure range of 60 – 100 µbar. It was 
found the crystallization enhances as the thickness of nc-Si:H films increases [5.40].  
The similar structural, optical and mechanical properties of nc-Si:H films at 60 min 
are attributed to a similar crystallinity present at certain thicknesses for a fixed H2-
dilution.  
 
5.5 CONCLUSION 
 
The correlation between the nanostructural, mechanical and optical properties of hot-
wire deposited nc-Si:H thin films were investigated as a function of deposition 
pressure and time. The growth in the crystallite size and the reduction of the lattice 
strain with increasing deposition pressure are ascribed to the increased atomic 
hydrogen concentration. The films are composed of voids and particulate regions 
with dimensions similar to that of the crystallite size, as calculated from x-ray 
diffraction. At 10 min, all the films were under tensile stress arising from coalescence 
of grains and the presence of crystallites with sizes < 10 nm.  
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The expanding crystallites led to a densification of the a-Si network, which 
counteracted the tensile stress created by the expanded crystallites, leading to a 
reduction in tensile stress, even compressive stress at PDEP ≤ 80 μbar at 20 min. A 
combination of roughening and shadowing effects at 60 min resulted in the formation 
of voids and ultimately tensile stress. The changes in the static refractive index were 
correlated with the film stress. The general widening of the optical band gap with a 
growth in the crystalline volume fraction has been ascribed to the nucleation of 
smaller nano-crystallites via the quantum confinement effect. After 60 min of 
deposition, all results indicate that the nanostructural, mechanical and optical 
properties are less dependent on the deposition pressure.  
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CHAPTER 6 
 
 
DEGRADATION OF A TANTALUM FILAMENT 
DURING THE HWCVD OF SILICON NITRIDE  
 
ABSTRACT 
A tantalum filament experienced degradation during the hot-wire chemical vapour 
deposition of silicon nitride. Novel electron backscatter diffraction measurements 
revealed that Ta and some of its nitrides (Ta2N and TaN) and silicides (Ta2Si, Ta3Si, 
and α-Ta5Si3) formed at the hotter centre filament regions. The deposition of β-Si3N4 
and the growth of the metastable Ta5Si3, α-Ta5Si3, Ta3Si, Ta2Si, Ta2N, and TaN, 
phases within and around a Ta core occurred at the cooler filament ends. The 
filament has a recrystallized Ta inner core with nanosized Ta grains at the cooler 
ends. Time-of-flight secondary ion mass spectroscopy disclosed the presence of H, 
N and Si containing ions within the aged filament bulk. Hardness measurements 
revealed that the Ta core experienced significant hardening, whereas the silicides 
and nitrides were harder but more brittle. The microstructural evolution of the aged 
Ta-filament can be ascribed to the thermal gradient along the filament length, 
distribution and concentration of Si, N and H containing areas within the filament and 
the recrystallizing Ta core. The filament failure at the centre region is ascribed to the 
combined effects of pore formation, crack growth and the different thermal expansion 
amongst the various phases, which are all enhanced at the hotter regions.  
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6.1 INTRODUCTION 
 
The hot-wire chemical vapour deposition (HWCVD) technique has shown great 
potential as a viable alternative to plasma enhanced CVD (PECVD) for the mass 
production of silicon nitride [6.1, 6.2]. Control over the HWCVD conditions ensured a 
close to stoichiometric N/Si ratio and an enhanced mass density, which is important 
for applications as anti-reflective and passivation coatings for solar cells [6.3]. 
HWCVD has also shown the ability to synthesize SiNx layers with embedded silicon 
quantum dots, which may be useful for applications in light emitting materials [6.4].  
 
The most striking feature, however, of HWCVD is its superior SiNx growth rates 
compared to PECVD [6.2] and the absence of ion bombardment during the 
deposition. These advantages of HWCVD are directly linked to the efficient 
dissociation process of the precursor gas mixtures (usually SiH4 and NH3) in the 
vicinity of a heated filament and also with the addition of H2 gas [6.5].  
 
Despite the obvious advantage that the heated filament grants to HWCVD, few 
studies have been reported on the interaction of nitrogen-containing gases and the 
filament. Weissenbacher et al. [6.6] reported on the pre-nitridation of Ta-filaments as 
a means to prevent filament failure during the HWCVD of boron-carbon-nitrogen 
layers. They found that the exposure of a Ta-filament (heated to 2000 °C) to a N2 
ambient at 12 mbar resulted in the formation of a Ta2N layer encapsulating a Ta 
inner core.  
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In contrast, Verlaan et al. [6.7] did not observe any Ta-nitride phases forming during 
the HWCVD of a-SiNx:H layers at a filament temperature of 2300 °C and  deposition 
pressures ranging from 0.2 - 0.8 mbar. Instead, they found a relatively unchanged Ta 
phase at the centre regions of the filament and the deposition of SiNx layers at the 
filament ends near the cooler contacts. 
 
In this study we used Ta-filaments heated to 1600 °C in a NH3/SiH4/H2 ambient to 
synthesized a-SiNx:H layers at very promising growth rates despite the relative low 
deposition pressure and precursor gas flow rates used (refer to Chapter 7). 
Regardless of these promising deposition conditions and the filament pre-treatment, 
as suggested by Knoesen et al. [6.8], the Ta-filament experienced failure at the end 
of the deposition after a total of five 1 hour depositions. The origins for the filament 
degradation are identified based on elemental, microstructural and mechanical 
properties of the aged filaments.    
 
6.2 EXPERIMENTAL DETAILS 
 
A Ta-filament with a diameter of 244.8 ± 10.0 m  and length ~ 1 m, prepared 
according to a standard process [6.8], was used to synthesize SiNx thin films at a 
filament temperature of 1600 C using an MVSystems HWCVD reactor. The 
deposition pressure, substrate temperature, silane flow rate and hydrogen flow rate 
were fixed to 150 µbar, 240 °C, 2 sccm and 27 sccm, respectively. The only 
deposition variable was the NH3 flow rate, which was changed from 1 to 3 sccm (in 
increments of 0.5 sccm). The same filament was used for all the SiNx depositions 
and lasted for five 1 hour depositions.  
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The filament failure occurred at the centre regions as shown in figure 6.1, in contrast 
to that usually observed for nc-Si:H [6.9] and a-Si:H depositions [6.8] where the 
filament burns through at the areas close to the electrical contacts.  
 
 
Figure 6.1: Photo showing the aged Ta-filament. The arrows indicate the cooler ends and 
the centre regions where failure occurred. 
 
The Ta-filament was subsequently carefully removed from the HWCVD reactor in 
order to limit any mechanical disturbances. Multiple regions were sampled along the 
length of the filament. Cross-sections of the aged Ta-filaments were 
metallographically prepared from the centre (hotter) and the ends (colder) regions 
using a series of coarse and fine grinding discs, polishing and then final polishing by 
means of ~ 40 nm colloidal silica suspension.  
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The microstructure of the cross-sections was analysed using optical microscopy and 
a LEO 1525 field-emission gun scanning electron microscope (FEGSEM). 
Backscatter and secondary electron images were accumulated to distinguish the 
phases present and the morphology of the filaments. Electron backscatter diffraction 
(EBSD) analysis was performed using the OXFORD INCA Crystal software. Energy 
dispersive x-ray spectroscopy (EDS) was performed using the OXFORD Energy 
software. EBSD and EDS analysis were performed at an acceleration voltage of 25 
kV and 20 kV, respectively. The elemental composition of the filament was probed 
using an ionTOF ToF-SIMS5 time-of-flight secondary ion mass spectroscopy (TOF-
SIMS). Elemental maps of the aged filaments were accumulated after sputtering the 
surface with oxygen ions. 
 
X-ray diffraction (XRD) patterns were collected in reflection geometry at 2θ-values 
ranging from 10 – 90 with a step size of 0.02, using a PANalytical XPert 
diffractometer operated at 45 kV and 40 mA. Copper Kα radiation with a wavelength 
of 1.5406 Å was used as the X-ray source. The XRD patterns were indexed using 
the database maintained by the International Centre for Diffraction Data (ICDD) 
[6.10]. Vickers microhardness measurements were carried out using a FM-700 
Microhardness Tester. Indentations were performed at a load of 0.05 kg and a dwell 
time of 10 s. 
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6.3 RESULTS  
 
Figure 6.2 compares the filament surface in the as-delivered state (pure) and at the 
ends (contact regions) after exposing it to the SiH4/NH3/H2 atmosphere at 1600 °C. A 
thick layer is visible on the filament surface after the deposition. Energy dispersive x-
ray spectroscopy (EDS) revealed that this layer is composed of 48 at % Si and 52 
at% N; i.e. the filament acts as a high temperature substrate for the deposition of 
non-stoichiometric silicon nitride. Verlaan et al. [6.8] also reported on the deposition 
of solid SiNx layers at the cooler ends of the filament. The morphology of the silicon 
nitride layer varied along the filament’s length, with some regions displaying the 
characteristic prism shaped β-Si3N4 [6.11].  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Secondary electron (SE) micrographs showing the surface of (a) pure and (b), 
(c) aged filament. 
(a) 
(c) (b) 
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Figure 6.3 presents backscatter electron (BSE) micrographs revealing the internal 
structure of the pure and aged filament ends. The filament diameter increased to 
341.01 ± 10.17 µm. Cracks are also visible extending from the filament surface into 
the bulk. The contrast in the backscatter signal is proportional to the atomic number; 
with low atomic number elements such as silicon and nitrogen appearing darker than 
heavier elements such as tantalum. However, the contrast in a BSE image is also 
influenced by the grain orientation (refer to Chapter 3). This is clearly illustrated in 
the pure filament cross-section where the orientations of the grains allow for the 
channelling of the incident electron beam, thereby resulting in contrast based on 
crystal orientation.  
 
The darker silicon nitride layer, with uniform thickness of 15.21 ± 2.18 µm, 
encapsulates the filament (see Figure 6.3c). Moving radially inward, a slightly 
brighter layer is visible with grains aligned radially inward, indicating a diffusion 
based growth. The core of the aged filament is comprised of areas with different 
contrasts. The identification of the regions with differing contrast is difficult based 
solely on BSE images and EDS. In fact, Figure 6.4 shows that the EDS analysis 
indicated similar atomic percentages for the dark and brighter regions within the 
filament bulk (~ 10 at% N, 18 at% Si and 72 at% Ta). Performing elemental analysis 
on the areas is also uncertain considering the overlap of TaMα and SiKα peaks in EDS 
as shown in Figure 6.4b. 
 
 
 
 
 
 
 
 
 Degradation of a Ta filament during the HWCVD of SiNx thin films 
133 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: BSE micrographs of (a) the pure Ta-filament and (b) aged filament. (c) SE 
micrograph of image (b) revealing an outer layer. X1 and X2 indicates the 
areas where EDS was performed. 
 
 
100 µm 
100 µm 
100 µm 
(b) 
(a) 
(c) 
X2 
X1 
 
 
 
 
  Chapter 6 
134 
 
 
 
 
 
 
 
 
Figure 6.4: EDS spectra of (a) areas marked with X1 and X2 in Figure 6.3b and (b) 
illustrating the overlap in TaMα and SiKα peaks. 
 
TOF-SIMS analysis was therefore performed to identify the elements present of the 
aged cross-section sampled from the ends. Figure 6.5 shows TOF-SIMS elemental 
maps revealing the locations of the N, Ta and Si containing ions. The TOF-SIMS 
results corroborates with the EDS analysis on the presence of a silicon nitride layer 
on the filament surface. In addition, TOF-SIMS revealed that SiH and Si are 
prominent within the silicon nitride layer. The layer below the silicon nitride layer and 
the filament bulk contained regions of TaN and TaO2. Interestingly, there seems to 
be significant signals of H and TaH within the filament bulk. The areas rich in C 
corresponds the resin used to mount the sample.  
 
(b) (a) 
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Figure 6.5: TOF-SIMS elemental maps of the aged Ta-filament sampled from the ends. 
 
The TOF-SIMS analysis provided a wealth of information pertaining to the elemental 
composition of the filament. However, the regions of contrast in the filament bulk 
remain obscure. EBSD was subsequently used to further scrutinize the 
microstructure of the aged filament at the ends. Figure 6.6 shows EBSD phase maps 
of the cross-section of the aged filament sampled from the ends. Six phases are 
identified in decreasing order of prominence namely: Ta, Ta2N, Ta2Si, α-Ta5Si3, TaN, 
Ta5Si3 (metastable), Ta3Si and β-Si3N4. The Ta-silicides are present at the outer 
perimeters of the filament. However, it is not presently clear the reason why TOF-
SIMS in both positive and negative modes did not detect Ta-silicides.  
 
The outer silicon nitride layer did not show any Kikuchi patterns as it experienced 
considerable beam damage at an accelerating voltage of 25 kV. Lowering the 
accelerating voltage did not induce a detectable EBSD signal. As a result, it was not 
possible in the current system to perform EBSD of the outer silicon nitride layer.  
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The EBSD phase map shown in Figure 6.7 discloses that the dark areas of contrast 
in the filament bulk are predominantly Ta2N regions. Moreover, porosity is prevalent 
throughout the filament bulk, occupying spaces at grain boundaries and within the 
grains. Figure 6.8 shows the Ta grain map, which discloses that the Ta2N regions 
formed within Ta grains and especially at the Ta grain boundaries.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: (a) BSE image of the filament edge and (b) corresponding EBSD phase map. 
The arrow shows the location of pores. 
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Figure 6.7: (a) BSE image with arrows showing the pores and (b) corresponding EBSD 
phase map of the aged filament core.  
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Figure 6.8 EBSD grain map with orientation key of the aged Ta-filament sampled from 
the ends. The black areas in the filament bulk are regions where Ta2N 
formed. 
 
Figure 6.9 shows a SE image of the aged filament-surface from the centre regions. 
No detectable SiNx deposition occurred and pores are prevalent at grain boundaries. 
Figure 6.10 presents a BSE image of the centre filament cross-section. In contrast to 
the end regions, the filament diameter increased slightly to 272.25 ± 3.39 µm and a 
thicker Ta-silicide layer, of thickness 27.35 ± 3.67 µm, is present. The cracks and 
pores are also more pronounced compared to the end regions. Figure 6.11 shows 
EBSD phase maps of the centre cross-sections revealing the presence of the Ta, 
TaN, Ta2N, α-Ta5Si3, Ta5Si3, TaSi2 and Ta2Si phases.  Moreover, the concentration 
of the Ta2N phase is enhanced at the centre compared to the ends and extents from 
the outer regions of the filament into the bulk more effectively than at the ends.   
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Figure 6.9: SE micrograph of the centre filament-surface. 
 
 
 
Figure 6.10: BSE micrograph of the filament sampled from the center regions. The areas 
marked by squares are regions were EBSD was performed. 
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Figure 6.11 EBSD phase maps of the centre filament regions highlighted in Figure 6.10.  
 
Figure 6.12 presents optical micrographs of the aged filament sampled from the 
ends and from the centre. The pronounced presence of the Ta2N and Ta-silicide 
phases in addition to the absence of the Si3N4 layer is noticeable for the centre 
regions. The centre regions also possessed larger pore sizes. Cracks appear to 
radiate from the pore regions and branches out upon entering Ta2N regions. The 
presence of cracks indicates that the aged filament is brittle.  
 
 
 
 
 
 
 
Figure 6.12: Optical micrographs of the aged filament sampled from the (a) ends and (b) 
centre regions. The arrows show the position of pores and cracks. 
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Presented in Figure 6.13 are XRD patterns of the pure and aged filaments. The XRD 
analysis corroborates the EBSD findings on the presence of Ta, Ta2Si, Ta3Si, α-
Ta5Si3, Ta5Si3 (metastable), Ta2N, TaN and β-Si3N4 phases at the ends. The same 
phases are present at the centre except for the β-Si3N4, Ta3Si and the Ta5Si3 
(metastable). XRD did not detect the TaSi2 phase at the centre regions contrary to 
the EBSD analysis. A possible reason for this discrepancy is the relatively low 
concentration and crystallite size of the TaSi2 phase, which will minimise its 
contribution to the XRD pattern. Interestingly, the Ta XRD peaks at the ends 
displayed broadening which indicate strained, nano sized grains of Ta. The grain 
size of the nano Ta grains calculated from the Debye equation (corrected for strain 
broadening) [6.12] amounted to ~ 6 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.13: XRD patterns of (a) pure Ta, (b) centre, (c) ends and (d) Ta peak 
deconvolution of the highlighted region in (c).  
(b) 
(c) (d) 
(a) 
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Table 6.1 presents the microhardness values at different regions within the filament. 
The Ta phase experienced significant hardening during ageing to values of 7.493 
GPa and 12.41 GPa at the ends and centre, respectively. However, the Ta2N phase 
possessed a hardness almost half that of the reference value of 30 GPa. The 
hardness of the silicides and β-Si
3
N
4 
phases compared well with the values reported 
in literature.   
 
Table 6.1: Hardness values of the filament compared to literature (where available). 
Phase Hardness at 
ends (GPa) 
Hardness at 
centre (GPa) 
Literature  
(GPa) 
Ta (pure) 
Ta (aged) 
1.079 
7.493 
 
12.41 
0.9 [6.13] 
0.98-11.77 for 0-
16 at% N [6.14] 
Ta
2
N 17.08 17.04 30 [6.15] 
Ta
5
Si
3
 (metastable) 10.26 - 11.77 -14.71 
[6.13] 
α-Ta
5
Si
3
 +Ta
2
Si 14.57 - Ta
2
Si-10.29 (This 
thesis) 
α-Ta
5
Si
3
-16.20 
[6.16] 
Ta2Si  14.54  
β-Si
3
N
4
 15.85 - 17.20 [6.15] 
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6.3 DISCUSSION 
 
A heated Ta-filament was exposed to a gas mixture of SiH4/NH3/H2 and experienced 
degradation during the HWCVD of SiNx. Weissenbacher et al. [6.6] reported on the 
interaction of NH3 with heated Ta-filaments. They found that the Ta-filament surface 
transformed to Ta2N encapsulating a Ta core. In contrast, Verlaan et al. [6.7] 
reported no Ta2N phase formation and a relatively unchanged Ta-filament. A 
possible reason for the discrepancies may be related to the difference in deposition 
pressure, i.e. number of N molecules (12 mbar [6.6] versus 200 - 800 µbar [6.7]).  
 
However, in this study we used a lower deposition pressure of 150 µbar, a reduced 
filament temperature of 1600 °C and inferior NH3 flow rates of 1 – 3 sccm. Despite 
these lower deposition parameters, we observed the transformation of the pure Ta-
filament to Ta-silicides, nitrides and even solid depositions of a Si3N4 layer at the 
cooler regions. The deviation from previous investigations may be related to less 
evaporation of Si and N containing radicals from the filament-surface at 1600 °C and 
the addition of H2 gas to the precursor gas mixture used in this study. An increase in 
atomic hydrogen is expected at higher NH3 flow rates, which further dissociates 
other precursor gases [6.5]. This enhancement in the dissociation rates of the 
precursor gases brings about superior numbers of N and Si containing radicals. The 
N and Si containing radicals diffuse into the heated Ta-filament to form various 
silicides and nitrides depending on the concentration of N and Si atoms [6.17].  
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The coexistence of Ta2N and Ta within the filament bulk is justified based on the Ta-
N phase diagram [6.17]. In addition, the diffusion lengths of H and N are expected to 
be larger than that of Si. N and H will therefore diffuse more effectively into the 
filament bulk. The diffusion paths are most likely along the Ta grain boundaries, 
which ultimately become preferred sites for Ta2N formations. Silicon will accumulate 
at the filament edges as it will become more difficult for it to diffuse through the N 
and H containing Ta phase eventually resulting in the growth of Ta-silicides at the 
filament perimeter, similar to that reported for nc-Si:H thin film depositions [6.9]. The 
higher temperature at the filament centre leads to a higher concentration of Si, N and 
H containing radicals. Consequently, this result in a superior silicide thickness and 
higher concentrations of the Ta2N phase compared to the ends regions. 
 
Porosity was observed throughout the filament, particularly at the grain boundaries.  
The evaporation of Ta may not contribute considerably to the formation of pores 
since the filament temperature was ~ 1600 °C. Enhanced gas pressure within the 
filament itself is the more probable cause for the formation of the pores. Specifically, 
the accumulation of N, Si and H containing molecules can form gas (instead of Ta-
silicides or nitrides) that results in the increase of pressure within some regions to 
such an extent that bubbles (pores) form. Verlaan et al. [6.7] also observed gas 
porosity in their filament study and ascribed it to the formation of N2 gas. In our case, 
Si and H containing gases can also contribute to the formation of gas porosity. 
Moreover, the pores will tend to form at grain boundaries as these are the diffusion 
paths for Si, H and N. 
 
 
 
 
 
 Degradation of a Ta filament during the HWCVD of SiNx thin films 
145 
 
The hardness of the aged Ta was found to increase drastically to ~ 4X and ~6X that 
of the pure Ta at the filament ends and centre, respectively. There are several 
factors in this study that can induce hardening of Ta. Hardening in metals 
corresponds mainly to the minimisation or suppression of movement of dislocations 
in the crystal lattice [6.18]. There are three main routes for hardening metals namely: 
grain size reduction, solid solution hardening and strain (age) hardening [6.18]. 
Reducing the grain size inhibits the movement of dislocations as the orientation 
varies drastically from each grain to the next; this is known as the Hall-Petch 
relationship. However, this holds for grains down to ~ 10 nm; below this limit the 
grains slip more easily thereby weakening the metal [6.19]. Strain hardening occurs 
when the concentration of dislocations saturates by repeatedly deforming (e.g. 
hammering, rolling) a metal.  
 
Strengthening by solid solution may be more appropriate in our case. The solid 
solution of N, H and Si within Ta grains may act as defects within the Ta crystal 
lattice that create strain fields that inhibits dislocation movement, ultimately 
improving the hardness of the  material. The concentration and diffusion of Si, N and 
H containing radicals are enhanced at the hotter, centre regions, which induce a 
superior hardness in Ta compared to the end regions. In addition to the solid solution 
of N, Si and H in Ta, another contributor to minimising dislocation movements is the 
presence of a harder phase, i.e. the Ta2N phase in our case.  
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The value of the Ta2N phase is almost half that of the referenced value of 30 GPa 
[6.15]. This may be attributed to a less dense Ta2N phase in our case, which is not 
unrealistic considering the presence of pores within the filament. Despite the 
increased hardness of the aged Ta-filament, the main concern is the observed brittle 
structure of the entire degraded filament.    
 
The origin of the filament failure at the centre regions during the HWCVD of SiNx thin 
films may be explained as follows. Gas porosity and embrittlement are enhanced at 
the hotter centre regions due to the increased incorporation of N, H and Si containing 
gases. Eventually the gas pressure within the pores reaches considerable 
magnitudes, initiating cracks that travel through the embrittled filament. Additionally, 
the different thermal expansion properties of the phases in the aged Ta-filament 
induce stress within the filament, which may also assists in crack formation/growth.  
Consequently, the enhancing pore size and different thermal properties of the aged 
filament induces failure at the centre regions.   
 
6.3 CONCLUSION 
 
The Ta-filament experienced significant structural changes during the HWCVD of 
SiNx. The addition of H2 to the precursor gas mixture enhanced the concentration of 
Si and N containing radicals, which diffused into the filament. SEM, XRD and EBSD 
concurred on the formation of a recrystallized Ta core and some of its nitrides (Ta2N 
and TaN) and silicides (Ta2Si, Ta3Si, α-Ta5Si3) formed at the hotter centre filament 
regions while the deposition of β-Si3N4, and the growth of the metastable Ta5Si3, α-
Ta5Si3, Ta3Si, Ta2Si, Ta2N, TaN phases appeared at the cooler filament ends. The 
 
 
 
 
 Degradation of a Ta filament during the HWCVD of SiNx thin films 
147 
 
hardness measurements showed that the aged Ta core experienced significant 
hardening due to the solid solution of N, Si and H in Ta. The filament failed at the 
hotter centre due to the enhanced rates of pore formation and different thermal 
expansion properties of the different phases constituting the aged filament. 
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CHAPTER 7 
 
 
STRUCTURAL AND OPTICAL PROPERTIES OF 
SiNx FABRICATED BY HOT-WIRE CVD 
 
ABSTRACT 
Silicon nitride thin films were synthesized at promising growth rates from gas 
mixtures consisting of SiH4, NH3 and H2 using hot-wire chemical vapour deposition. 
Initially, the samples are biphasic in that they consist of both Si-Si and Si-N regions. 
Increasing the NH3 flow rate resulted in the increase of the N content and Si-N 
bonding at the expense of the Si and hydrogen content within the films. Energy 
dispersive x-ray spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS) 
gave similar atomic N/Si ratios. Raman spectroscopy revealed that the incorporation 
of N within the film reduces the ordering of the Si-Si regions. Transmission electron 
microscopy and electron energy loss spectroscopy discloses that samples are 
amorphous, dense and contain a nitrogen rich silicon oxynitride interface with the Si 
substrate. The film stress is compressive for Si- and H-rich silicon nitride films and 
changes to tensile stress as the N content increases. The optical properties 
(refractive index and optical band gap) were found to vary linearly with the N/Si ratio. 
A relationship between the HWCVD synthesis conditions, the film composition, 
stress, microstructure and optical properties is also discussed.   
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7.1 INTRODUCTION 
 
Silicon nitride (SiNx) is an important dielectric that enjoyed active research interest 
during the last few decades. SiNx has been applied as surface and bulk passivation 
layers for solar cells [7.1], thin film transistors [7.2], antireflection coatings [7.3] and 
has shown promise as a light emitting material [7.4]. The wide application scope of 
SiNx can be attributed to its refractive index, optical band gap, structural properties 
and molecular composition; all of which can be tuned by varying the deposition 
conditions [7.1, 7.5, 7.6].  
 
Plasma enhanced chemical vapour deposition (PECVD) is the conventional 
synthesis technique for manufacturing SiNx thin films. An alternative technique for 
the synthesis of SiNx is hot-wire chemical vapour deposition (HWCVD). Compared to 
PECVD, samples synthesized by HWCVD experience no ion bombardment and can 
be deposited at higher deposition rates [7.7]. Despite the numerous studies on the 
synthesis of SiNx from SiH4 and NH3 gas mixtures, reports on the effect of adding H2 
to the process gasses on the structure-property relationship of SiNx thin films has 
received less attention [7.8 - 7.10]. The benefits of adding H2 to the usual NH3 / SiH4 
gas mixture include an enhanced incorporation of N into the thin film, NH3 flow rates 
down to 5 sccm and film conformity on the substrate [7.8 - 7.10]. In most cases, the 
filament temperature during the HWCVD of SiNx films were > 1700 °C [7.1 – 7.3, 7.5, 
7.7 – 7.11], which can lead to filament metal impurities incorporated into the films 
[7.9, 7.12].  
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In this study, we employ HWCVD to deposit transparent, low reflection, dense 
amorphous SiNx thin films from a SiH4 / NH3 / H2 gas mixture at a substrate 
temperature of 240 °C and a filament temperature of ~ 1600 °C. The total gas flow 
rate ranged from 30 – 33 sccm with that of NH3 varied from 1 to 3 sccm. In addition, 
we compare the N/Si compositional characterization of SiNx thin films as probed by 
energy dispersive x-ray spectroscopy (EDS) and x-ray photoelectron spectroscopy 
(XPS).  
 
7.2 EXPERIMENTAL DETAILS 
 
7.2.1 Deposition conditions 
 
SiNx thin films were deposited simultaneously on Corning 7059 and Si (100) 
substrates using a high vacuum MVSystems HWCVD system described elsewhere 
[7.13]. The deposition time, substrate temperature, deposition pressure, filament 
temperature, silane flow rate and hydrogen flow rate were fixed at 60 minutes, 240 
°C, 150 µbar, 1600 °C, 2 sccm and 28 sccm, respectively. The NH3 flow rate was 
varied from 1 – 3 sccm (in increments of 0.5 sccm). 
 
7.2.2 Thin film characterization 
 
The elemental composition of the SiNx thin films were determined using XPS and 
EDS. XPS was performed in wide and narrow scan modes on a PHI Quanta 2000 
spectrometer using monochromatic AlKα X-rays. EDS analysis was performed at 6 kV 
using a pure Si standard as the quantification optimization element in an OXFORD 
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INCA EDS system in a Zeiss LEO 1525 field emission gun scanning electron 
microscope (FEGSEM). The bonding configuration of the SiNx thin films were 
investigated using a Perkin Elmer Spectrum 100 fast-Fourier transformed infrared 
(FTIR). The spectra were collected in transmission geometry from 400 to 4000 cm-1 
with a spectral resolution of 1 cm-1. The FTIR spectra were corrected for coherent 
and incoherent reflections [7.14, 7.15]. The total hydrogen content in the film was 
determined using elastic recoil detection (ERD) analysis. The ERD analysis was 
conducted using a 3 MeV mono-energetic and collimated beam of 4He+ ions 
accelerated by the van de Graaff accelerator at iThemba Labs, in Cape Town, South 
Africa. The recoiled atoms were detected at an angle of 30° with respect to the 
incident ion beam. A Kapton reference material (coated with ~ 1 Å Pt) was used for 
energy calibration. The total H content was calculated from the ERD spectra using 
the SIMNRA simulation software. 
 
Raman spectra were recorded in backscattering geometry in the region 100 – 1300 
cm-1 with a spectral resolution of 0.4 cm-1, using a Jobin-Yvon HR800 micro-Raman 
spectrometer operated at an excitation wavelength of 514.5 nm. The power of the 
Raman laser was kept below 5 mW to avoid laser induced crystallisation. Cross-
sections of the SiNx films were prepared by a FEI Helios NanoLab 650 Dual Beam 
focussed-ion beam SEM (FIBSEM). Subsequently, high-resolution transmission 
electron microscopy (HRTEM) was performed on the cross-sections using a JEOL 
ARM 200F TEM. Electron energy loss spectroscopy (EELS) was performed in 
scanning transmission electron microscopy (STEM) mode at a step size of 4 nm x 4 
nm to acquire Si, N and O elemental maps. The Gatan Quantum GIF energy filter 
was used to perform the EELS maps at a collection angle of 41.7 mrad. Electron 
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diffraction was performed on a FEI Tecnai F20 FEGTEM at 200 kV. The film stress 
was estimated from curvature measurements determined on Corning (thermal 
expansion 4.6 µ / °C, Young’s modulus 67.6 GPs and Poisson’s ratio 0.28) 
substrates before and after deposition using a Taylor stylus profilometer. The total 
film stress was then determined using Stoney’s equation [7.16]. However, the total 
film tress is equal to sum of the intrinsic stress and the thermal stress. The thermal 
stress was determined from the constants for a-Si in [7.17] (thermal expansion 
coefficient 1 µ / °C, Young’s modulus 130 GPa and Poison’s ratio 0.28).  
 
Optical transmission and reflection spectra were measured using a CARY 1E 
UV/VIS spectrophotometer in the range 200 – 900 nm with a spectral resolution of 1 
nm. The refractive index, absorption coefficients and optical thickness were 
calculated by employing the Bruggeman effective medium approximation (BEMA) 
model [7.18]. 
 
7.3 RESULTS AND DISCUSSION 
 
7.3.1 Film growth rate 
 
Figure 7.1 shows the film growth rate as a function of NH3 flow rate (ΦNH3). The 
growth rate enhances with increasing ΦNH3 values. The growth rates are inferior 
relative to that reported for PECVD [7.17] and also for typical HWCVD [7.7]. 
However, the growth rates are still promising considering that we used a lower 
deposition pressure, filament temperature of 1600 °C and total gas flow rates lower 
by a factor of ~ 12 compared to that used in [7.7].  
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Figure 7.1: Film growth rate at various NH3 flow rates. 
 
The HWCVD process of SiNx is complex and can be divided into three stages, 
namely the dissociation of the NH3, SiH4 and H2 gases at the filament, gas phase 
reactions and finally surface reactions at the substrate. During the gas dissociations 
at the heated Ta-filament; Si, N and H containing radicals are created, which can 
then proceed to the other two growth stages. However, the results in Chapter 6 
revealed that the radicals diffuse within the Ta-filament consequently resulting in the 
formation of Ta-nitrides and -silicides. This depletion of growth species from the 
ambient can lead to inferior growth rates, especially in this study where the 
depositions were started with a pure Ta-filament surface.  
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The inferior concentrations of growth species, as a result of filament ageing, have 
also been observed in the HWCVD of diamond thin films [7.19]. The initial inferior 
growth rates at NH3 flow rates ≤ 2 sccm can be ascribed in part by the depletion of Si 
and N containing radicals from the ambient and their subsequent incorporation into 
the filament. Afterwards, the silicide layer encapsulating the filament (refer to 
Chapter 6) becomes thicker, which reduces the diffusion of radicals within the 
filament, i.e. more radicals are now available for the deposition leading to the higher 
growth rates at higher NH3 flow rates.  
 
Gas phase reactions are also a contributing factor to the film growth rate. The 
probability for a gas molecule to be dissociated by the heated filament surface is 
inversely proportional to the pressure and directly proportional to the square root of 
the filament temperature [7.19, 7.20]. It is therefore possible that not all SiH4 
molecules are dissociated at our deposition conditions; given the deposition pressure 
of 150 µbar and low filament temperature of 1600 °C. However, the NH3 partial 
pressure enhances with an increasing NH3 gas flow rate. Coupled with the high H2 
concentration and the effectiveness of a heated filament to dissociate H2 [7.21], a 
high concentration of atomic hydrogen is expected during the deposition. Atomic 
hydrogen is unstable and can dissociate those SiH4 molecules that were not 
dissociated by the heated filament. Consequently an increase in growth rate occurs 
at higher NH3 flow rates.  
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7.3.2 Compositional properties 
 
Figure 7.2 presents the ERD spectra of the thin films with the corresponding 
simulated fit. Figure 7.3 reveals that the hydrogen concentration decreases 
monotonically from ~ 16 to ~ 9 at. % with an increase in ΦNH3.     
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2: ERD spectra (with the SIMNRA simulated fit) for SiNx thin films deposited at 
different NH3 flow rates.  
 
 
 
 
 
ΦNH3 = 1 sccm ΦNH3 = 1.5 sccm 
ΦNH3 = 2.5 sccm ΦNH3 = 3 sccm 
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Figure 7.3: Total hydrogen content as a function of ΦNH3. 
 
Figure 7.4 shows deconvoluted XPS spectra of the Si 2p orbital for SiNx thin films 
deposited at various ΦNH3. The spectra can be deconvoluted into three Gaussian 
peaks with centres at ~ 99.4 eV (Si-Si), 103 eV (Si-O) and 100.1 eV (Si-N). The 
presence of the Si-O peak indicates that the surface is oxidised. In addition, the 
simultaneous presence of Si-Si and Si-N reveal that the films are dual phase, i.e. the 
films are composed of a mixture of Si-Si and Si-N networks. Figure 7.5a presents the 
relationship between the Si-N area percentage (relative to Si-O and Si-Si) as a 
function of ΦNH3 flow rate. The concentration of the Si-N bonds grows linearly with 
increasing NH3 flow rate at the expense of the Si-Si bonds, indicating an efficient use 
of the supply gases. This phenomenon has been observed before and was attributed 
to the gas phase dissociation of NH3 by atomic hydrogen [7.8]. Figure 7.5b shows an 
XPS depth profile for the sample deposited at ΦNH3 = 3 sccm. The depth profile 
reveals that O and C are surface contaminates while homogenous atomic 
concentrations of N and Si constitute the bulk of the film.  
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Figure 7.4: XPS spectra of Si 2p level for SiNx films deposited at various ΦNH3.   
 
 
 
 
 
 
 
 
Figure 7.5: (a) Si-N area percentage (with linear fit) at various NH3 flow rates and (b) XPS 
elemental depth profile of the sample deposited at ΦNH3 = 3 sccm.  
 
ΦNH3 = 1 sccm ΦNH3 = 1.5 sccm 
ΦNH3 = 2 sccm ΦNH3 = 3 sccm 
(a) (b) 
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The N/Si atomic ratio (x) is the most important factor that governs the electrical and 
optical properties of SiNx. In general, the N/Si ratio is determined from Rutherford 
backscatter spectroscopy (RBS), heavy ion elastic recoil detection (ERD) [7.7], FTIR 
[7.8] or indirectly from the film refractive index [7.22]. However, the proportionality 
constants necessary for quantification from FTIR varies with film composition [7.23]; 
and the refractive index is influenced by the film density which, in turn, may also 
depend on the deposition technique [7.24]. Currently, scanning electron microscopes 
(SEM) are becoming increasingly accessible and coupled to a SEM in most cases is 
an energy dispersive x-ray spectroscopy (EDS) detector. EDS is used to identify and 
quantify elemental compositions of various elements with an atomic number larger 
than 4 (Be). Despite its immense development for determining elemental 
compositions of bulk materials, EDS on thin films within the SEM have received less 
attention. This can be attributed to the beam penetration depth, issues relating to the 
homogeneity of the thin film (which will influence the quantification) and relatively 
high inaccuracies for low atomic number elements such as C. Nevertheless, with the 
advent of more sensitive detectors and enhanced detection levels at low acceleration 
voltages, EDS may be used as an alternative option to determine the elemental 
composition of SiNx thin films.  
 
Monte Carlo simulations [7.25] were performed in order to determine the expected 
beam penetration depth. The modelling conditions were: a spot size of 10 nm, 
accelerating voltage of 6 kV and a number of 1000 electrons. Figure 7.6 shows the 
Monte Carlo results for samples with different N-contents. The X-rays used by EDS 
for quantification originate from the total blue area. We therefore expect that the Si 
from the c-Si substrate will not interfere with the analysis. EDS was performed on 
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SiNx deposited on glass to validate that the substrate does not interfere with the 
analysis. Figure 7.7 compares EDS spectra of the Corning substrate and typical SiNx 
samples. No detectable B, Al and Ba are present in the EDS spectra of SiNx 
samples, indicating that the substrate elemental contributions are excluded from the 
analysis. The O and C signals in the SiNx EDS spectra originate from the surface 
contamination of the SiNx thin films as shown by XPS (see Figure 7.5b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6: Monte Carlo simulations of the expected SEM beam penetration depth and 
profile for SiNx films with N-content of (a) 25 at. % and (b) 45 at. %.  
(a) 
(b) 
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Figure 7.7: EDS spectra of (a) Corning substrate and (b) SiNx films deposited at different 
NH3 flow rates (vertically offset for clarity).  
 
Presented in Table 7.1 is a comparison between the N and Si atomic percentages 
determined from XPS and EDS; showing the good correlation between these two 
independent techniques. The values are adjusted to include the H-content 
determined from ERD. 
 
Table 7.1: Comparison between XPS and EDS. The values are within 5 at. % standard 
deviation. The total hydrogen content [H] was determined from ERD. 
ΦNH3  
(sccm) 
NXPS  
(at. %) 
NEDS  
(at. %) 
SiXPS  
(at. %) 
SiEDS 
(at. %) 
[H] 
(at. %) 
xXPS xEDS  
1 15.66 18.65 68.30 65.31 16.04 0.23 0.29 
1.5 20.90 22.33 62.38 60.95 16.72 0.34 0.37 
2 30.72 31.02 54.43 54.13 14.85 0.56 0.57 
2.5 42.31 45.45 46.95 43.81 10.74 0.90 1.03 
3 47.01 49.27 43.85 41.59 9.14 1.07 1.18 
 
(a) (b) 
 
 
 
 
 Structural and optical properties of SiNx fabricated by HWCVD 
163 
 
FTIR is the preferred technique used to determine and quantify the bonding 
configurations of SiNx thin films. Figure 7.8 shows a typical FTIR spectrum of a SiNx 
sample revealing the presence of four peaks: the Si-N (stretching) mode near 850 
cm-1, N-H bending mode at 1200 cm-1, the Si-H stretching mode near 2190 cm-1 and 
the N-H stretching mode around 3330 cm-1 [7.23].  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.8: Typical FTIR spectrum of the sample deposited at 3 sccm NH3. The peaks 
indicated by * correspond to fluctuations in the CO2 concentrations within the 
spectrometer which were consequently not properly removed by the 
background.   
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The amounts of the Si-N, N-H and Si-H bonds can be obtained from the relevant 
infrared absorption bands by: 
 
 
 )(
][ YXAYX    (7.1) 
 
where () is the absorption coefficient at wavenumber  and AX-Y is the 
proportionality coefficient. The proportionality coefficients proposed by Lanford and 
Rand [7.26] for the N-H and Si-H bond concentrations were used. For the [Si-N] the 
average value of 1.4 X 1019 cm-2 was chosen as proposed by Verlaan et al. [7.5]. 
Then, assuming the absence of H-H and N-N bonds in the thin films [7.5, 7.22, 7.27], 
the atom concentrations of H, N and Si can be determined by the following set of 
equations [7.27]: 
 
     HNHSiH          (7.2) 
     
3
HNNSi
N

         (7.3) 
       
24
SiSiHSiNSi
Si



         (7.4) 
 
The [Si-Si] bond density can be derived from equation (4) and [Si] = [N]/x as: 
 
       
2
2
HNNSi
x
N
SiSi

        (7.5) 
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Figure 7.9 presents the FTIR atomic bonding densities of [H], [N], [Si] and [Si-Si]. A 
relatively higher concentrations of [Si-Si], [Si] and [H] exist at N/Si ≤ 0.30, which then 
decrease with an increasing N/Si ratio. Initially, the [N] atomic density is in inferior 
amounts, which then gradually increase with an increasing N/Si ratio. The values of 
the bonding densities are relatively inferior compared to that reported for SiNx films 
deposited from SiH4 and NH3 mixtures [7.5, 7.28] (the studies used the same 
proportionality factors), which indicates an increase in defects as the NH3 flow rate 
increases. The peak position of the Si-H bond is influenced by the composition of the 
SiNx films [7.7] and more specifically, the different types of back bonding of the 
hydrogenated Si atom [7.22]. Figure 7.9b reveals that the peak position of S-H 
scales linearly with N/Si. The absence of NH3 from the gas mixture in this study will 
result in the deposition of microcrystalline silicon instead of amorphous silicon as the 
high H2 dilution in this study favours the crystallization of silicon [7.29]. The Si-H 
peak position at 2092 cm-1 (N/Si = 0) falls within the range expected for 
microcrystalline silicon [7.30] and is close to 2220 cm-1 for N/Si ≈ 1.33 corresponding 
to a-Si3N4 [7.1].  
 
 
 
 
 
 
 
Figure 7.9: (a) FTIR bond densities and (b) variation of the Si-H peak position as a 
function of N/Si.  
(a) (b) 
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An increase in the NH3 flow rate results in an enhancement in the incorporation of N 
into the film. The Si-N and Si-H bonds are more energetically favoured than Si-Si 
bonds [7.31]. Consequently, the Si-Si bonding decreases at the expense of the Si-N 
bonds as the N content within the film enhances. However, the number of Si-H 
bonds and H concentration decreased at higher NH3 flow rates. Verlaan et al. [7.32] 
observed similar trends and attributed the decreasing S-H and H-concentration to 
cross-linking reactions within the film, i.e. the formation of Si-N and H2 (released as 
gas [7.33]) bonds via the reactions of N-H with Si-H bonds. 
 
7.3.4 Film microstructure 
 
The surface roughness of SiNx thin films is an important parameter to be considered 
in thin film transistors and anti-reflective coatings for solar cells. Figure 7.10 shows 
representative 3D AFM images of SiNx thin films with varying N-content. The root-
mean-square (RMS) roughness values shown in Figure 7.11 reveals that the surface 
roughness decreases to a minimum value of ~ 0.15 nm, substantially lower than that 
reported for HWCVD of SiNx using a SiH4 and NH3 mixture [7.34].  
 
 
 
 
 
 
Figure 7.10: 3D AFM micrographs of the SiNx films at different N/Si ratios.  
N/Si = 1.18 
011 
N/Si = 0.29 
011 
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Figure 7.11: RMS roughness values at various N/Si ratios.  
 
The increasing NH3 flow rate results in an increased atomic hydrogen concentration 
which improves the H-coverage on the growing surface. Consequently, the diffusion 
of radicals on the growing surface develops, which creates smoother surfaces as the 
NH3 flow rate increases. The internal structure of the SiNx thin films were further 
investigated by TEM and EELS. Figure 7.12 shows TEM micrographs of the SiNx 
films at x = 0.29 and x = 1.18. The films are amorphous as indicated by electron 
diffraction patterns (insets in Figure 7.12) and are dense, which is suitable for device 
applications. The film thickness increased with an increasing NH3 flow rate, 
confirming the UV-VIS and profilometer measurements. Figure 7.13 presents EELS 
elemental maps of Si, N and O. Despite the thickness of the cross-sections being 
less than at most half the inelastic electron mean free path at 200 kV, the EELS 
maps are qualitative in that it was not possible in the current TEM set-up to monitor 
the intensity and position of the zero-loss peak while acquiring the elemental maps. 
Nevertheless, valuable qualitative information about the Si, N and O profiles within 
the SiNx can be extracted from EELS.     
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Figure 7.12: TEM micrographs of the SiNx thin films at (a) N/Si = 0.29 and (b) 1.18. The 
insets show diffraction patterns in each case.  
 
 
 
 
 
 
 
 
Figure 7.13: Normalized EELS elemental N, Si and O maps of the SiNx thin films 
with different N/Si ratios. 
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The O-signal is intense at the SiNx/c-Si substrate interface and at the SiNx surface. 
The presence of an oxide between the SiNx and the substrate indicates that the HF 
dip was not effective in removing the native oxide from the c-Si substrate. Confirming 
the XPS findings are surface oxide layers on the SiNx films. However, oxidation 
subsequent to the FIB sample preparation also occurs and contributes to the O-
signal throughout the SiNx/c-Si cross-sections as revealed by the similar O-signal 
intensities at the C-coating, SiNx film bulk and the c-Si substrate.     
 
The intensity of the EELS N-signal is homogenous throughout the SiNx films and 
enhances relative to the Si-signal with an increasing N/Si ratio indicating an 
enriching N-content within the films, supporting the XPS, EDS and FTIR analysis. 
Furthermore, there are regions within the N- and Si-signals which have different 
brightness indicating nanosized regions with Si- and/or N-rich areas. Interestingly, a 
nitrogen rich silicon oxide interface resides between the SiNx and c-Si substrate. The 
thickness of the silicon oxynitride layer decreased from ~ 30 nm to 10 nm as the NH3 
flow rate increases from 1 to 3 sccm.  
 
XRD analysis confirmed the absence of crystallinity from the deposited SiNx thin 
films, as shown in Figure 7.14. The broad peaks centred on 2θ values of ~ 26 ° and 
~ 44 ° are attributed to the Corning substrate. Raman spectroscopy is a powerful tool 
for probing the structure of Si based thin films.  
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Figure 7.14: XRD patterns for SiNx films with different N/Si ratios. 
 
Figure 7.15 presents the Raman spectra for samples with different N/Si ratios. The 
dual phase nature of the films is clear through the simultaneous presence of a-Si 
transverse optic (TO) peak at ~ 480 cm-1 with the 2nd order TO peak at ~ 930 cm-1 
and SiNx peaks at ~ 800 cm
-1 [7.35, 7.36]. Samples with a higher N/Si ratio displayed 
more SiNx peaks at 700 cm
-1 and 1150 cm-1 [7.36]. The absence of a peak at ~ 515 
cm-1 indicates that there is no detectable crystallinity [7.37] confirming the TEM and 
XRD analysis.  
 
The 2TO peak of a-Si tends to be more enhanced relative to the TO peak in SiNx 
compared to a typical a-Si:H thin film as illustrated by Figure 7.16. To further 
demonstrate this observation, the Raman spectra were deconvoluted into Gaussian 
peaks corresponding to a-Si and SiNx as shown in Figure 7.17.  
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Figure 7.15: Raman spectra of the SiNx samples with varying N/Si ratios. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.16: Comparison between typical Raman spectra of a-Si and SiNx films. 
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Figure 7.17: Deconvoluted Raman spectrum of a SiNx sample. The a-Si peaks labeled TO, 
2TO LO, LA and TA are present with peaks for SiNx and SiH.  
 
Figure 7.18 shows the integrated intensity ratio of the SiNx and a-Si TO peaks (ISiNx / 
Ia-Si), revealing that it increases with an increasing N/Si ratio, which is indicative of an 
increasing fraction of SiNx, corroborating the XPS and FTIR results. The full width at 
half maximum (FWHM) of the a-Si TO peak increases with an enhancing N/Si ratio, 
whereas the FWHM of the SiNx peak increases until N/Si ~ 0.6 and then decreases 
at higher N values. This can be interpreted as the ordering within the a-Si network is 
relatively enhanced within Si-rich SiNx films.  
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Figure 7.18: (a) Intensity ratio of the a-Si TO peak to the SiNx peak and (b) variation of the 
FWHM of the SiNx and a-Si TO peaks at different N/Si ratios.  
 
Figure 7.19 presents the integrated intensity ratio η = I2T0 / ITO of a-Si; disclosing that 
it increases monotonically with an increasing N/Si ratio. Initially, η = 0.22, below the 
value of 0.25 for a-Si and above that of bulk c-Si of 0.10 [7.38]. Subsequently, η 
transcends the value for a-Si reaching values of ~ 0.62 for samples with high N-
content. Mercaldo et al. [7.35] observed a η ~ 1 and attributed it to size-dependent 
enhanced electron-phonon coupling in amorphous or crystalline nanostructures 
within a SiNx thin film. 
 
However, in this study it was not possible to directly analyse regions smaller than 4 
nm using EELS. Additionally, the samples experienced damage after prolonged 
exposure to the 200 kV electron beam. Nevertheless, the nanoscale regions of 
brightness in the EELS Si-maps and the simultaneous presence of Si-Si and Si-N 
bonds suggest that amorphous nanosized Si-rich regions are present within the SiNx 
thin films.  
(a) (b) 
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Moreover, the disorder increases within the Si-Si regions as more N is incorporated. 
The cross-section of the TO Raman peak is largely determined by the deformation 
potential involving short-range interaction between the Si-Si lattice displacement and 
electrons [7.39]. Adapting this to amorphous materials, the enhancing defects 
(corresponding to an increasing tensile stress) induces an enlarging displacement 
which reduces the TO scattering cross-section and eventually higher I2T0 / ITO ratios.  
 
 
 
 
 
 
 
 
 
Figure 7.19: Intensity ratio of second- to first-order of a-Si at various N/Si ratios. 
 
Regardless of the high hydrogen dilution used in this study, no crystallization 
occurred as revealed by XRD, Raman spectroscopy and electron diffraction in the 
TEM analysis. This can be explained by the increased incorporation of nitrogen and 
the decrease of the H-content as the N/Si ratio increases, which create defects 
within the SiNx thin films. Coupled with the low substrate temperature of 240 °C, this 
impedes crystallisation. The increasing number of defects results in the observed 
decreasing FTIR bonding densities and the observed disordering within the Si-Si 
regions as shown by Raman spectroscopy.  
 
 
 
 
 Structural and optical properties of SiNx fabricated by HWCVD 
175 
 
Wanka et al. [7.40] reported on the effective etching of a native oxide film on silicon 
by atomic hydrogen generated by a heated filament. In line with the findings by 
Wanka et al. [7.40] the reduction in the oxide thickness between the SiNx/c-Si 
interface as the NH3 flow rate increases is attributed to an enhancing etching by 
atomic hydrogen.  
 
The presence of a nitrogen-rich interface between the SiNx and the underlying c-Si 
substrate is attributed to the diffusion of N within the oxide layer. Crystalline silicon 
has a higher packing density of Si atoms compared to its amorphous state. The 
higher density of dangling Si bonds within the c-Si/film interface provides a superior 
number of N bonding sites compared to the a-SiNx:H layer. The N atoms then 
passivate the dangling bonds within the oxide by forming energetically favoured Si-N 
bonds, resulting in a nitrogen-rich interface. Fukuda et al. [7.41] reported similar 
findings in their thermally oxynitridation studies of a Si (100) wafer. The decreasing 
N-rich interface thickness with an increasing NH3 flow rate is due to the reduction in 
the native oxide thickness owing to the enhancing etching of atomic hydrogen. 
Coupled to a higher H density, the dangling bonds within the interface are passivated 
by hydrogen reducing the areas where N can bond, subsequently resulting in a 
decreasing N-rich interface. The presence of defects within the SiNx thin films further 
manifest in the form of film stress. Figure 7.20 shows the film stress as a function of 
N/Si; revealing that the film is under compresive stress for x < 0.4 and then under 
tensile stress for x > 0.55. Hasegawa et al. [7.42] also observed a change in stress 
from compression to tensile at N/Si ~ 0.5 and attributed it to the rearangment in the 
Si-N network.  
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Figure 7.20: Intrinsic film stress at various N/Si ratios.  
 
Specifically, the distance between Si and N becomes shortened within the distorted 
bonding arrangment leading to a contraction of the films as the N content increases 
ultimately leading to tensile stress [7.42]. Additionally, the inreasing deposition rate 
as the NH3 flow rate enhances results in a higher supply rate of radicals compared to 
the rate of Si, H and N incorporation wihin the SiNx thin films consequently resulting 
in the deposition of a disordered, tensile network at N/Si > 0.55.  
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7.3.3 Optical Properties and Film stress 
 
The understanding of the optical properties of SiNx films is vital considering that they 
can be applied as anti-reflective coatings on solar cells. Figure 7.21 illustrates the 
evolution of the UV-VIS transmission and reflection spectra of the SiNx thin films 
possesing different N/Si ratios. Figure 7.21a shows that the transmission is 
enhanced as the N content increases and the blue shift (higher photon energy) 
indicates an increasing optical band gap. Correspondingly, the reflection of the SiNx 
thin films decreases as the N content increase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.21: (a) Transmission and (b) reflection spectra of SiNx thin films with different N/Si 
ratio. 
 
(a) 
(b) 
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The absorption coefficient, extinction coefficient and refractive index were then 
extracted from the reflection spectra by fitting the BEMA model in the SCOUT 
software [7.18], as illustrated in Figure 7.22.  
 
Figure 7.22: An example of a reflection spectrum and corresponding simulated fit.  
 
Figure 7.23 presents the dispersion in the absorption coefficient and refractive index 
at vaiours photon energies. The refractive index and absorption coeficient decrease 
with an enhancing N content within the films. This trend is consistent with the 
enhancing SiN phase as observed by XPS. Figure 7.24 shows the refractive index 
(n) at 632 nm and the extintion coeffifcient (k) at 400 nm of the SiNx thin films as a 
function of N/Si.  
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Figure 7.23: Dispersion in the (a) refractive index and (b) absorption coefficient of SiNx thin 
films with various N/Si ratios. 
 
 
(a) 
(b) 
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Figure 7.24: (a) Refractive index at 632 nm and (b) extinction coefficient at 400 nm as a function of 
N/Si. 
 
The refractive index decrease linearly with an increasing N/Si ratio according to: 







Si
N
n nm 81.192.3632    (7.6). 
The extrapolated n630nm value of 3.92 ± 0.21 at N/Si = 0 is close to the value reported 
for microcrystalline silicon of 3.75 [7.43]. The expected value of n632nm = 1.51 ± 0.24 
at N/Si ≈ 1.33 is lower than the value of 1.90 for α-Si3N4 and is attributed to the 
presence of tensile stress observed for SiNx (x > 0.57) thin films in this study.  
 
The enhancing incorporation of N within the film results in the increasing number of 
the energetically favoured Si-N bonds [7.31] and a reduction in the [Si-Si] bonds. 
Figure 7.24b shows that a noticeable reduction of k400nm occurs with an increase in 
the N/Si ratio, which idicate less absorption within the visible wavelenght regions. 
Figure 7.25 shows the Tauc band gap of the SiNx layers disclosing that the band gap 
widens linearly with an increase in N/Si according to: 
 
(a) (b) 
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






Si
N
ETauc 49.231.1    (7.7). 
The relation expressed in equation  (7.7) differs from that reported for the deposition 
of SiNx from SiH4 and NH3 gas mixtures [7.44]. Nevertheless, the ETauc values 
reduces to 1.31 eV at N/Si = 0; corresponding well with the reported value for 
microcrystalline silicon [7.30] and to 4.63 eV which is approaching 5 eV for Si3N4 
[7.45].  
 
 
 
 
 
 
 
 
 
Figure 7.25: Tauc optical band gap as a function of N/Si ratio.  
 
The Tauc optical band gap increased linearly with an enhancing N/Si ratio. 
Conversely, the refractive index decreased linearly with an increasing N/Si ratio. The 
behaviour of the optical properties corresponds well to the increasing N and Si-N 
concentration, regardless of the presence of SixNyOz interfaces. These interfaces are 
relatively low in concentration compared to the SiNx bulk and therefore changes 
within the chemical composition especially N incorporation into the SiNx thin films 
dominate the optical properties. 
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7.5 CONCLUSION 
 
The chemical composition, bonding densities, stress and optical properties of 
hydrogenated SiNx thin films as a function of NH3 flow rate synthesized by HWCVD 
have been studied. Independent XPS and EDS analysis corroborate each other on 
the determination of the N/Si ratio. Nitrogen from the NH3 gas was effectively 
incorporated into the film while the hydrogen content decreased with an increasing 
N/Si ratio. The band gap of the SiNx thin films increased with an enhancing N/Si 
ratio. Conversely, the refractive index decreased with an increasing N/Si ratio. 
Compressive film stress occurred in Si-rich SiNx thin films which decreases and then 
changed to tensile stress as the N content increase. Filament degradation and gas 
phase reactions determined the SiNx growth rate. The increasing incorporation of N 
within the SiNx thin films created defects regardless of the enhancing etching by 
atomic hydrogen as the NH3 flow rate increased. Nevertheless, highly transparent, 
H-containing and low reflection SiNx layers were fabricated, which is promising for 
applications as anti-reflective coatings and passivation layers on solar cells.  
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SUMMARY 
 
 
During the last few decades, hydrogenated amorphous silicon (a-Si:H) and 
amorphous silicon nitride (SiNx) thin films have become vital, cost reductive 
components suitable for applications in large area electronics such as liquid crystal 
displays and solar cells. However, the electronic stability and the current plasma 
based manufacturing process are major challenges in further developing devices 
based on a-Si:H and SiNx.  
 
Nanocrystalline silicon (nc-Si:H) has proven to offer more stability and improved 
electrical properties than a-Si:H by incorporating properties from its crystalline and 
amorphous constituents. Silicon nitride is a versatile material that found widespread 
applications as transparent, anti-reflective coatings for multicrystalline silicon (mc-Si) 
solar cells and as a dielectric in thin film transistors. Both nc-Si:H and SiNx thin films 
can be deposited using the hot-wire chemical vapour deposition (HWCVD) technique 
at rapid growth rates and with no ion bombardment compared to plasma enhanced 
chemical vapour deposition (PECVD). During HWCVD, process gas mixtures are 
dissociated, either thermally and/or catalytically, into radicals by a heated filament. 
The radicals can then react in the gas phase, eventually depositing and growing into 
a film on a substrate. Nevertheless, the film growth mechanism and filament stability 
are still major concerns for the HWCVD of nc-Si:H and SiNx thin films. 
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This thesis focused on investigating the growth mechanisms of nc-Si:H and SiNx thin 
films deposit by the HWCVD technique. In each case, the structural evolution of the 
filament was investigated. In Chapter 2 the HWCVD system and the characterization 
tools used in this study are introduced. 
 
In Chapter 3, an investigation was carried out into the degradation of a tantalum (Ta) 
filament during the HWCVD of nc-Si:H thin films. Electron backscatter diffraction 
(EBSD) analysis revealed that predominantly Ta-rich Ta-silicides formed at the 
centre whereas Si-rich Ta-silicides at the cooler ends near the electrical contacts. 
Solid layers of crystalline silicon were also deposited at the cooler ends. The crystal 
orientation with respect to the incident electron beam also contributes to the contrast 
in backscatter electron micrographs of aged filaments. Hardness measurements 
disclosed that the recrystallized Ta-core was softer but less brittle than the 
surrounding silicides. Based on the findings we proposed that Si evaporates more at 
the hotter centre regions, causing the growth of more Ta-rich silicides. At the cooler 
ends the more Si is incorporated into the filament consequently favouring Si-rich 
silicides.  
 
Chapter 4 reported on the growth kinetics of nc-Si:H thin films deposited by HWCVD 
at various hydrogen (H2) dilutions of silane (SiH4).  Increasing the H2-dilution resulted 
in significant ordering within the crystalline volume fraction and enhancing crystallite 
sizes due to the agglomeration of smaller crystallites. The expanding crystallite Si 
regions exert pressure on the surrounding a-Si network, causing a reduction in 
tensile strain as deduced by an increasing wavenumber of the Raman a-Si 
transverse optic peak.  
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Monitoring the film thickness as a function of deposition time revealed that surface 
reactions are determining the growth of before and after the onset of crystallinity. 
The diffusion of H within the film at regions close to the transition from a-Si:H to nc-
Si:H controlled the growth. The optical absorption within the films decreased with an 
increasing H2-dilution corresponding to an enhancing crystallinity at the expense of 
a-Si networks.  
 
In Chapter 5 the effects of the deposition pressure and time on the structural, optical 
and mechanical properties of nc-Si:H films synthesized by HWCVD were studied. 
Initially, all the nc-Si:H films are porous and crystallites sizes < 10 nm. All the films 
experienced an increasing tensile stress with an enhancing deposition pressure. At 
20 minutes of deposition the film stress became less tensile, even compressive for 
deposition pressures ≤ 80 μbar. During this time, the expanding crystallites induced 
compressive stress on the surround a-Si network. Subsequently, the a-Si became 
more compact and started to counteract the stresses caused by the growing 
crystallite, resulting in a reduction in tensile stress, even inducing compressive stress 
at deposition pressures ≤ 80 μbar. The film refractive index enhanced with an 
increasing compressive stress and decrease when the films are under tensile stress. 
Given the observed decrease in crystallite sizes as deduced from the Raman 
analysis despite the enhancing crystalline volume fractions, the nucleation of small 
crystallites enlarged the band gap via the quantum confinement effect.  At 60 
minutes the structural, optical and mechanical properties of the nc-Si:H films are less 
dependent on the deposition pressure.  
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In Chapter 6, the degradation of a Ta-filament during the HWCVD of SiNx films is 
discussed. EBSD analysis disclosed that the Ta transformed to include a 
recrystallized Ta-core with Ta-nitrides and Ta-silicides. The nitrides form deeper 
within the filament bulk than the silicides. A solid silicon nitride layer encapsulated 
the filament at the cooler ends near the electrical contacts. Cracks and porosity were 
prevalent throughout the filament. The cracks, porosity and Ta-nitride formation were 
enhanced at the hotter centre regions, where filament failure eventually occurred.  
 
In Chapter 7 we report on the HWCVD of amorphous SiNx thin films from a SiH4 / 
ammonia (NH3) / H2 gas mixture. The total gas flow rates were < 31 sccm with NH3 
flow rates < 3 sccm, a deposition pressure of 150 μbar and filament temperature of ~ 
1600 °C. At these low process conditions, we deposited transparent, low reflection 
amorphous SiNx layers at growth rates up to 24 nm / min with hydrogen content of ~ 
9 at. %, suitable for use as passivating and anti-reflective coatings on solar cells. 
The addition of H2 to the gas mixture and the effectiveness of a heated Ta-filament 
to produce atomic hydrogen ensured an efficient NH3 dissociation and improved N 
incorporation within the SiNx thin films. The enhancing N-content within the SiNx films 
resulted in a reduction of the film refractive index and widening of the optical band 
gap. Nevertheless, the SiNx film growth rate was influenced by the filament ageing 
process whereby gaseous precursors were incorporated into the filament during 
nitridation and silicidation.  
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Unfortunately, it was not possible within the time constraint to fabricate devices using 
the nc-Si:H and SiNx films deposited by HWCVD. We recommend that future studies 
should include: 
 
 Thermal annealing studies of SiNx films 
 Coating mc-Si solar cells with HWCVD SiNx films to test the passivation 
quality 
 Investigate the kinetics underpinning the filament silicidation and nitridation 
process at different filament temperatures and deposition times 
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